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Abstract 
Lucerne (Medicago sativa ssp. sativa L.) is one of the most important forage legumes worldwide, and 
Australia’s most valuable perennial forage legume. Phytophthora root rot, caused by the oomycete 
pathogen Phytophthora medicaginis is a lethal disease of lucerne in Australia and America. The 
disease is a major productivity constraint when cultivars without adequate resistance levels are 
grown in conditions conducive to high disease pressure. The research presented here examined 
Phytophthora resistance in lucerne genotypes selected from Australian cultivars, however the 
findings are of relevance worldwide due to the extensive use of international (USA) germplasm in 
Australian lucerne breeding programs in particular.  
 
A broad-based synthetic approach, first described in1942, has been the most commonly used process 
in lucerne breeding. However, this approach presents an inherent set of limitations which are 
highlighted by the yield plateau observed in lucerne in the absence of disease and pest pressures. 
Improved breeding strategies have been proposed to address the limitations of the current approach 
and the constraints imposed by lucerne biology. These improved breeding strategies utilise 
synthetics based on far fewer parents than are currently being used, providing greater possibilities 
for making genetic gain for multiple quantitatively inherited traits. 
 
However, a paucity of information exists on the number, genomic location and diversity of P. 
medicaginis resistance loci available in the M. sativa gene pool for breeding Phytophthora resistant 
lucerne. This information would underpin selection of parental genotypes in narrow-based breeding 
schemes aimed at addressing the current yield stagnation in lucerne. One previous report described 
the mapping of Phytophthora resistance loci in the lucerne genotype W116, however the molecular 
marker systems employed did not enable chromosome number assignment to the linkage groups 
generated, and the markers have limited comparative mapping potential. The research presented 
here sought to address the current knowledge gap in the lucerne-Phytophthora pathosystem. It 
determined the genetic basis for P. medicaginis resistance in lucerne clone WA272 by assigning 
chromosome locations to the resistance loci identified and generated an alignment of the resistance 
loci identified with those in W116. 
 
An autotetraploid mapping population of 182 individuals was generated and phenotyped for P. 
medicaginis reaction using established inoculation procedures. The population was genotyped using 
SSR markers from existing M. sativa and M. truncatula genetic linkage maps. Large effect QTLs 
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for resistance to P. medicaginis were detected in the WA272 x D mapping population, and using the 
linkage map developed, these were located to WA272 linkage groups 2, 5, 6 and 7. The large effect 
QTL identified on linkage groups 2 and 6 through interval mapping, and the best single markers 
from linkage groups 5 and 7 collectively explained 94%, 92% and 76% of the phenotypic variation 
for the cotyledon reaction, root severity and root reaction phenotypes, respectively. Evidence of 
epistatic interactions contributing to expression of resistance to P. medicaginis in WA272 was 
detected between linkage groups 2, 5, 6 and 7 for the cotyledon reaction phenotype and linkage 
groups 2 and 6 for the root severity phenotype. 
 
Validation of the molecular marker-trait associations identified in the WA272 x D mapping 
population was undertaken in another sample of WA272 x D plants, using a new isolate of P. 
medicaginis. Marker-trait associations and epistatic interactions between markers were identified 
for a reduced subset of the markers in the validation population, albeit at a reduced statistical 
significance. 
  
The identification of markers associated with P. medicaginis resistance on WA272 linkage groups 
2, 5 and 6 in both the mapping and validation populations indicates that multiple, common loci 
confer resistance to P. medicaginis in lucerne genotype WA272 across two isolates of P. 
medicaginis differing in aggressiveness. This finding is an important first step towards dissecting 
the genetic architecture of resistance to Phytophthora in lucerne. 
 
Assignment of chromosome numbers to the W116 linkage groups through the incorporation of SSR 
markers of known chromosomal location enabled an alignment of the WA272 and W116 maps to 
be generated. The alignment indicated that the location of major effect QTL identified in WA272 
linkage groups 2, 5 and 6 do not correspond with any of the partial resistance loci identified in 
W116. Chromosomal regions on linkage group 7 in both the W116 and WA272 maps were 
associated with P. medicaginis resistance. However, at the current marker density, a more precise 
alignment of the resistance loci is not possible. 
 
A detailed alignment of the known Phytophthora resistance across the M. sativa genotypes WA272 
and W116 and M. truncatula was not achievable due to the marker density attained in each map. 
However, at a chromosomal region level, the resistance loci on linkage groups 6, 2, 7 and 5 (listed 
in order of decreasing importance) contribute to a network of broad-spectrum resistance loci within 
Medicago. These regions are of considerable interest for further marker saturation in the WA272 
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linkage map to identify markers suitable for further evaluation in additional lucerne genotypes as a 
tool for marker-assisted selection for Phytophthora resistance. 
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Chapter 1 Introduction 
 
1.1 Lucerne (Medicago sativa) in Australia  
Lucerne (Medicago sativa ssp. sativa L.) is one of the most important forage legumes in Australia with 
estimated values of $AU210 and $AU95 million for hay and seed production markets respectively 
(RIRDC 2008). There are significant export markets for lucerne seed but data for these markets are 
regarded as commercial-in-confidence by private seed companies. Approximately 3.5 Mha of lucerne 
pastures are used for grazing in dry land farming operations in Australia, with smaller areas grown under 
irrigation in high-intensity systems for hay production (Pearson et al. 1997). Approximately 70% of the 
world production is located in the United States of America (USA), the former Soviet Union and 
Argentina, with Australian lucerne areas comprising only a small component of the worldwide industry 
(Michaud et al. 1988; Russelle 2001). There remains considerable scope for expansion of the lucerne 
areas in Australia, based on climate and rainfall data (Hill 1996).  
 
Several attributes of the lucerne plant contribute to its value in cultivation. A key attribute is the plant’s 
capacity for symbiotic nitrogen fixation. The positive effect of legume rotations on soil nitrogen levels in 
grain cropping systems is particularly important. Additional attributes of lucerne include: its high forage 
quality, productivity, perennial nature, adaptability to a range of growth conditions, and a deep tap root 
which provides a measure of drought tolerance (Frosheiser and Barnes 1973). Lucerne grown under dry 
land conditions in grain production systems is used to replace nitrogen used by cereals, as a disease break 
and to reduce dry land salinity through lowering of the water table (reviewed in Irwin et al. 2001). In 
these situations, lucerne forage is either opportunistically cut for hay production, or grazed directly. 
Lucerne grown under irrigation in high-intensity systems is primarily used for hay production. This thesis 
focuses on lucerne developed in Australian breeding programs, although there has been extensive use of 
USA germplasm (Irwin et al. 2001), and more widely from the 9 recognised germplasm sources (Barnes 
et al. 1977) in the development of Australian lucerne cultivars. Thus, the research undertaken in this 
thesis is of relevance to lucerne breeding programs worldwide. 
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1.2 Lucerne breeding: past and current objectives 
Yield stagnation is an issue worldwide for lucerne breeding. In the absence of disease and pest pressures, 
lucerne yields have largely plateaued since the 1940s in the US (Lamb et al. 2006), and since 1985 in 
Australia (Lowe et al. 2000). One of the reasons for the yield plateau is the emphasis on disease and pest 
resistance and not yield per se. Productivity increases of up to 300% have arisen from breeding for pest 
and disease resistance (Irwin et al. 1980a). However, in the absence of these pressures there have been no 
increases in yield per se subsequent to these periods. A broad-based synthetic approach has historically 
been used in lucerne breeding and is largely driven by the biology of the plant, which is further detailed 
(see Section 2.3). A key feature of the broad-based synthetic approach is to use a broad genetic base in 
early generations of the synthetic, ensuring a high level of heterozygosity in the later, cultivated 
generations of the synthetic. The breeding methodology is based on recurrent selection and polycrossing 
to produce synthetic varieties (Tysdal et al. 1942) and has changed little in the last 60–70 years. A broad-
based synthetic approach to lucerne breeding also results in the poor exploitation of non-additive gene 
action in current lucerne breeding schemes (Hill 1971, 1983; Hill et al. 1988) which leads to outbreeding 
depression in advanced generations (Bingham 1998).  
 
A consequence of the broad genetic based used in lucerne cultivar development is that the 
commercialised synthetic will contain a heterogeneous population of plants, each of which will be 
genetically distinct. Thus, only a proportion of plants within a cultivar will be resistant to a pathogen in a 
ratio dependent on the resistance(s) and the mode(s) of inheritance present in the parent population. 
Lucerne cultivar resistance ratings for pathogen resistance are described as a percentage of resistant 
plants within the tested sample and range from susceptible (<5% resistant plants) to highly resistant 
(>50% resistant plants) (Fox et al. 1996). Thus, even a cultivar described as resistant will contain a large 
number of susceptible plants. The persistence (density) of a lucerne sward will, over time, be eroded due 
to the loss of plants which are susceptible to P. medicaginis and any other acute pathogens relevant to the 
particular cropping region and climate. This reduced persistence has implications for the yielding 
capacity and profitability of lucerne swards over time.  
 
Improved breeding strategies have been proposed to address the limitations of the current broad-based 
synthetic approach, and are outlined in further detail below (Section 2.3). Irrespective of the breeding 
strategy used to develop future lucerne cultivars, resistance to lethal lucerne diseases including P. 
medicaginis is a key attribute to maintain in any new cultivar development in addition to target traits 
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aimed at increasing lucerne adaptation or yield per se. In future lucerne breeding efforts, molecular 
markers tightly linked to traits of agronomic importance including pathogen and pest resistances are 
likely to have an important role. Developed markers would have a role in tracking the segregation of 
multiple traits of interest in elite parent plants without resorting to progeny testing. In lucerne, due to 
tetrasomic segregation ratios, or in other polyploid crop species, large numbers of plants are required to 
identify multigenic modes of inheritance in segregating populations. Molecular markers tightly linked 
to pathogen resistance will have a significant role in tracking the segregation of resistance(s) of interest 
in elite lucerne plants, which will deliver time and cost savings to breeding programs.  
 
There is considerable scope to expand the current understanding on the diversity of resistance loci which 
are present in M. sativa gene pool for resistance to P. medicaginis. Although a number of Phytophthora 
resistance loci have been identified in lucerne across a range of separate genetic backgrounds using 
classical crossing and inheritance studies in both diploid and tetraploid germplasm (Section 2.5), the 
location of these loci within the M. sativa genome remains unresolved. The use of molecular markers to 
map resistance to P. medicaginis, and align the known resistances in autotetraploid lucerne has 
considerable future benefit to lucerne improvement by breeding. 
 
1.3 Molecular tools available for lucerne genetics and breeding  
The status of genetic and genomic tools developed for lucerne genetic research and breeding is limited 
compared to crop species for which complete genome sequences are available. No complete genome 
sequence exists for M. sativa, but this knowledge would greatly expedite molecular marker 
development by increasing the ease of developing markers of known genomic location, and/or the 
identification of candidate genes associated with QTL or linkage regions identified in association 
mapping studies. However, the first draft of a M. sativa genome sequence was generated in 2012 (Yang 
2012), and the first reports of high-density linkage map generation using next-generation sequencing to 
develop molecular markers for M. sativa (Li 2012) suggest that this technology will soon be available 
for routine deployment in molecular genetic investigations.  
 
Until recently, molecular tools developed for lucerne genetic research consist largely of molecular 
markers for which little or no sequence information is required to develop the marker. The predominant 
markers used for genetic investigations include PCR-based codominant, simple-sequence repeat (SSR) 
and amplified fragment length polymorphism (AFLP) markers and to a lesser extent restriction fragment 
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length polymorphism (RFLP) markers (Brouwer and Osborn 1999; Brummer et al. 1993; Julier et al. 
2003; Kiss et al. 1993; Musial et al. 2007). Genome-wide association arrays utilising high-density chips 
to detect single nucleotide polymorphisms, or hybridisation arrays have been developed for M. sativa 
genetic investigations, with the first reports on their use appearing in 2012 (Li 2012). To date, no 
molecular markers have been developed as routine breeding tools for lucerne improvement. 
 
M. sativa genetic linkage maps have been developed in both unadapted and adapted genetic 
backgrounds from countries including Australia, the USA and France. The initial genetic linkage 
investigations in M. sativa utilised diploid mapping populations due to the complexity of tetrasomic 
inheritance, linkage relationships and availability of molecular marker types (Brummer et al. 1993; 
Kalo et al. 2000; Kiss et al. 1993). With the advent of additional tools including molecular marker 
systems and linkage mapping software for polyploids, subsequent linkage studies were performed in 
tetraploid populations, which are the same ploidy as cultivated lucerne. However, despite the 
development of more than 15 linkage maps in both diploid and tetraploid lucerne, no reports of 
molecular marker development for use in lucerne breeding programs have been published. A 
combination of the biology of the plant, including the complexity of tetrasomic inheritance, the 
outcrossing requirement for lucerne plants and the limited availability of genomic and molecular 
genetic tools with which to develop markers closely linked to the traits of interest may have limited the 
development of molecular markers into breeding tools. Furthermore, the marker systems which have 
been used to generate the genetic maps to date are not easily converted to the high-throughput marker 
systems needed for marker implementation.  
 
Future molecular marker development in M. sativa is likely to continue to utilise the genetic 
information available in the model diploid legume M. truncatula, even with the first draft M. sativa 
genome sequence released (Yang 2012). M. truncatula has a fully sequenced and annotated genome 
and its genetics is supported by an extensive research network (Young et al. 2005). Both Medicago 
species share the same base chromosome number (n=8) and due to the close synteny, molecular 
markers developed in one species will generally map to the corresponding region of the same 
chromosome in the other (Julier et al. 2003; Musial et al. 2007; Robins et al. 2007a).  
 
The genome synteny observed between M. truncatula and M. sativa using molecular markers extends 
to pathogen-resistance loci. M. truncatula is a common host to many pests and pathogens of economic 
significance in lucerne discussed further below (Section 2.2.1). Complementary research undertaken in 
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M. truncatula has identified QTL, or the genes themselves, for resistance to lucerne pests and 
pathogens including blue-green (Acyrthosiphon kondoi), spotted and pea aphids (Therioaphis trifolii 
and Acyrthosiphon pisum) (QTL: AKR, TTR, RAP1) anthracnose (Colletotrichum trifolii, gene RCT1) 
Phytophthora root rot (Phytophthora medicaginis), Aphanomyces root rot (Aphanomyces euteiches, 
locus AER1) (D'Souza 2009; Klingler et al. 2007; Pilet-Nayel et al. 2009; Stewart et al. 2009; Yang et 
al. 2008; Yang et al. 2007).  An example of the synteny between Medicago species at resistance loci is 
the RCT1 gene cloned from chromosome 4 of M. truncatula. In the same region in M. sativa, a major 
QTL was identified conferring resistance to race 2 and a smaller effect QTL for resistance to race 1 of 
C. trifolii (Mackie et al. 2007). Further synteny may exist at loci conferring resistance to P. 
medicaginis. A recent study in M. truncatula identified two major QTL for Phytophthora resistance 
residing on chromosomes 2 and 6 (D'Souza 2009), which would be of particular interest for 
investigation of the synteny between the genomic locations of these QTL and those identified in 
lucerne. 
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1.4 Thesis Aims 
There have been no molecular markers developed for use in lucerne breeding to date. The development 
of molecular markers to track Phytophthora resistance in individual M. sativa genotypes would provide 
a valuable breeding tool for the industry worldwide. Despite the identification of numerous loci 
conferring resistance to P. medicaginis across a range of genetic backgrounds, the genomic location for 
these loci remains unresolved. Molecular markers developed for any of these loci would provide an 
opportunity to identify the resistance mechanism(s) present in that germplasm source. Use of these 
markers in lucerne breeding programs would potentially allow pyramiding of multiple, different 
sources of resistance to P. medicaginis from multiple germplasm sources.  The aims of this study were 
to:  
 determine the genetic basis for resistance to the pathogen Phytophthora medicaginis in a 
tetraploid Medicago sativa intercross population  
 identify the chromosomal location(s) of the resistance  
 develop closely linked markers, or perfect markers, that would serve as tools to support lucerne 
breeding programs utilising narrow-based synthetics.  
 
To achieve this, the research sought to:  
 generate and phenotype a tetraploid Medicago sativa intercross population segregating for 
Phytophthora medicaginis resistance (Chapter 3)  
 identify QTL for P. medicaginis resistance in the tetraploid M. sativa population using 
molecular markers of known physical or genomic location (Chapter 4)  
 validate the molecular markers identified in another sample of the WA272 x D genetic 
background (Chapter 5)  
 align the location of Phytophthora resistance loci in the lucerne genotypes W116 and WA272 
and M. truncatula (Chapter 6) 
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Chapter 2 Literature review 
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2.1 Lucerne reproductive biology 
Lucerne (Medicago sativa) is a perennial forage legume which typically lives for 4–8 years, but can live 
for up to 20 years under favourable environmental conditions. The plant can grow up to 1 m in height, 
with stems (5–25) produced from a crown at the top of the root system. Regrowth occurs from crown 
buds or axillary stem buds. The tap root can extend up to 8 m deep and offers a measure of drought 
resilience; however typically 60–70% of the root system is concentrated in the upper 15 cm of the soil 
and bears most of the nodules (Johnson et al. 1998). The flowers of pure M. sativa are purple, and 
inflorescences measure 10–30 mm long by 20–20 mm wide and contain 4–40 florets. Flowers contain 
both female (pistil) and male (stamen) structures and produce coiled seed pods bearing seeds with a 
weight of approximately 400 seeds per gram. Lucerne is allogamous, and subject to severe inbreeding 
depression (Busbice 1969). Lucerne is also known as alfalfa, and this name is used in the USA in 
particular. 
 
Medicago sativa is composed of several perennial, outcrossing, and often interfertile taxa from the 
Medicago genus (family Fabaceae, subfamily Papilionoideae, tribe Trifolieae) (Figure 2.1). Many 
important crop species including chickpeas (Cicer arietinum), peanut (Arachis hypogaea) lentils (Lens 
culinaris), clover fodder crops and the model legumes Lotus japonica and Medicago truncatula reside 
within the Papilionoideae. The genus Medicago includes tetraploid (4x) and diploid (2x) forms of M. 
sativa ssp. sativa (2x forms of M. sativa are also known as M. coerulea), M. sativa ssp. falcata (diploid 
and autotetraploid forms), and M. sativa ssp. glutinosa (Lesins and Gillies 1972; Quiros and Bauchan 
1988) among others. In this thesis, the term lucerne is used to encompass this complex. The main barrier 
to gene exchange between subspecies is ploidy and this is overcome through the use of unreduced 
gametes produced by diploids. The two ploidy levels found in the M. sativa complex are autotetraploid 
(2n = 4x =32), which can be distinguished from diploid relatives (2n = 2x = 16) by larger flowers, pods, 
leaves and seeds (Lesins 1970). All cultivated lucerne is autotetraploid, with evidence for tetraploidy first 
demonstrated though the inheritance of flower colour (Stanford 1951).  
 
Distinct lucerne germplasm sources exist and have been exploited for lucerne cultivar development in the 
US and Australia. Barnes et al. (1977) identified and described 9 distinct germplasm sources, with an 
additional tenth source identified from Arabia (Barnes et al. 1977; Smith et al. 1995). These germplasm 
sources (groups) range from 1–10, with groups 1–5 having a high level of winter dormancy and groups 
6–10 non-dormant. Further characteristics of the 9 germplasm sources identified by Barnes et al. (1977) 
 9 
are provided in the review by Irwin et al. (2001). Since the 1980’s there has been extensive use of 
germplasm from sources 2–9 in Australian lucerne cultivar development and only limited use of groups 1 
and 10 (Irwin et al. 2010; Irwin et al. 2001; Nichols et al. 2012). These germplasm groups have been used 
both as a source of desirable traits including pest and disease resistances and as a source of diverse, 
unrelated and potentially heterotic parental material for synthetic development. Extensive use of diverse 
germplasm in lucerne breeding led to a high level of genetic diversity in lucerne cultivars. Molecular 
investigations have shown that the genetic diversity in current lucerne synthetics is as great between 
cultivars as within a cultivar in reports from Australia, France and Italy (Flajoulot et al. 2005; 
Labombarda et al. 2000; Musial et al. 2002; Pupilli et al. 2000). The importance on maintaining high 
levels of genetic diversity in lucerne cultivars is outlined in Section 2.2 below.  
 
Figure 2.1 Dendrogram depicting phylogenetic relationships of Papilionoidae legumes. Reproduced from (Zhu et al. 2005). 
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2.2 Lucerne classical genetics 
The cultivated form of lucerne is always autotetraploid, and the inherent genetic complexities are an 
important consideration for lucerne genetic improvement. In autopolyploids, which exhibit polysomic 
inheritance, all homologous chromosomes have equal opportunity to pair at meiosis, unlike 
allopolyploids in which only chromosomes from each genome pair and undergo disomic inheritance. In 
tetraploid lucerne, each four homologous chromosomes can either form two bivalents, or a quadrivalent. 
Calculating expected tetrasomic segregations requires consideration of the ways in which cytological 
events affect the partitioning of the eight chromatids, two at a time to the four cells of the tetrad formed 
by each sporophyte (Allard 1960). This can occur via either random chromosome assortment or random 
chromatid assortment.  When random chromosome assortment occurs, only bivalents are formed and 
sister chromatids derived from the same chromosome never end up in the same gamete. In instances of 
random chromatid assortment, pairing can start at different chromosomal sites and homologous 
chromosomes may switch partners and lead to multivalent formation. The formation of multivalents can 
lead to double reduction, which is a unique aspect of autopolyploid genetics and the process by which 
sister chromatids enter the same gamete at the second division of meiosis (Allard 1960).  
 
Double reduction affects all aspects of populations which are dependent on inheritance. The occurrence 
and frequency of double reduction affects gene segregations, however this in turn is influenced by the 
position of the locus. It may vary depending on the chromosome upon which the locus lies, because the 
frequency of multivalent formation varies between chromosomes (Allard 1960). Where a locus resides on 
the chromosome affects the frequency of double reduction; a locus furthest from the centromere will have 
a higher value than one adjacent to the centromere, which will approach zero (Welch 1962). However, 
the frequency of double reduction may be limited in species, including lucerne, where the chromosomes 
are too short to permit the formation of more than one chiasma. This leads to the formation of bivalents 
only (Gallais 2003). The potential for double reduction and other chromatid assortment events to create 
segregation distortion in lucerne populations affects the ability to unequivocally determine inheritance 
patterns in segregating lucerne populations. Expected segregation patterns based on random chromosome 
assortment alone may not be sufficient to explain the observed patterns, with consideration also required 
of meiotic events affecting chromatid assortment.  
 
Additional considerations for lucerne breeding are the tetra-allelic potential of each locus and interactions 
between alleles at the same locus and between different loci. Tetraploids have an increased potential for 
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alleleic diversity versus diploids, with up to five genotypes possible at each locus; these being quadriplex 
AAAA, triplex AAAa, duplex AAaa, simplex Aaaa and nulliplex aaaa in a tetraploid and three alleles in 
a diploid (AA, Aa and aa). Due to the production of a diploid gamete by tetraploids, difficulties arise 
when selecting against recessive alleles. Allelic diversity is particularly important for heterosis for yield 
in lucerne. High levels of heterozygosity allow for maximum complementary gene interactions which are 
important for maximising lucerne yields (Bhandari et al. 2007; Bingham et al. 1994; Irwin et al. 2008). 
However, because genetic equilibrium in an autotetraploid is not reached until the double cross or later 
generations of random mating (Bingham et al. 1994), consideration must be given to capturing this in 
production of the commercialised cultivar. In contrast, genetic equilibrium is reached in a single 
generation in a diploid. Identifying heterotic groups within the recognised germplasm sources and 
exploiting this heterosis to achieve yield per se gains in lucerne cultivars is a continuing challenge (Irwin 
et al. 2010; Irwin et al. 2008; Mackie et al. 2005; Riday and Brummer 2005).  
 
Furthermore, as an obligate outcrossing species the fixing of desirable lucerne genotypes is not readily 
achieved by selfing due to a rapid loss of heterozygosity, particularly tetrallelic loci, and thus the onset of 
inbreeding depression (Bingham 1980). The inbreeding depression observed in lucerne is more severe 
than predicted based solely on the loss of heterozygosity (Li and Brummer 2009). This is likely due to the 
loss of dominant alleles linked in repulsion phase and/or epistatic interactions between loci (multi-locus 
epistasis) (Allard 1999). Genetic complexities such as these have been demonstrated to play a significant 
role in the superior performance of lines in many polyploid crop species over their progenitors at lower 
ploidy levels, including lucerne (Allard 1999; Bingham et al. 1994; Kimbeng and Bingham 1998; 
Woodfield and Bingham 1995). 
 
The inheritance patterns for traits in tetraploids are complex. The expected segregation ratios are 
determined by factors including the gene dosage at each locus, the number of loci contributing to 
expression of the trait and the influence of random chromosome or random chromatid assortment of the 
haploid genome complement into gametes. For example, a duplex locus (AAaa) would produce a 
phenotypic segregation ratio of 35:1 for the dominant allele upon selfing and a ratio of 5:1 on 
backcrossing to a homozygous recessive under the assumption of random chromosome assortment (Little 
1945). Under the assumption of random chromatid assortment, the same locus would produce a 
phenotypic segregation ratio of 21:1 (187:9) upon selfing, and 11:3 upon backcrossing (Haldane 1930). 
Experimental data suggest that the observed segregations usually fall between the two extremes outlined 
above (Gallais 2003). To detect aaaa from a self of AAaa, Little (1942) indicates that a population size of 
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1700 is necessary to be certain that any segregation ratio can be proven to deviate significantly from the 
35:1 or 21:1 ratios. The generation, phenotyping and genotyping of a population of this magnitude would 
be a considerable challenge, particularly if the phenotyping method required replicated propagules of 
each lucerne genotype (plant). Simulations of tetraploid SSR marker segregations of some parental 
configurations with 2 observable alleles suggest that a population size of 500 would have a high 
probability of predicting both parents correctly, although a population size of 100 would be adequate 
(Luo et al. 2000). They also indicate that a population size greater than 100 would be adequate to detect 
double reduction in single loci segregations.  A population size of approximately 200 individuals is 
generally considered adequate to detect marker-trait linkages (Gallais 2003), and to locate and estimate 
QTL parameters using dominant and codominant markers (Hackett et al. 2001).   
 
2.2.1 Lucerne molecular genetics 
The research for this thesis was carried out from August 2008–August 2012 at which time no complete 
genome sequence existed for M. sativa. An assembled, annotated genome sequence would increase the 
ease of developing markers of known genomic location linked to traits of agronomic importance and/or 
the identification of candidate genes under QTL or linkage regions identified in association mapping 
studies. The recent availability of the first draft M. sativa genome sequence and high-density linkage 
map generation tools suggest that this technology will soon be available for routine deployment in 
molecular genetic investigations (Li 2012; Yang 2012). 
 
Several aspects of lucerne genetics and breeding have benefited from the use of molecular markers 
including the identification of heterotic groups (Mackie et al. 2005; Maureira et al. 2004; Riday and 
Brummer 2005) and the identification of associations between molecular markers cosegregating with 
agronomic traits of interest. In tetraploid lucerne, traits for which QTL have been identified  include 
autumn growth, freezing tolerance, freezing injury, yield, biomass production, persistence and 
pathogen resistances to Stagonospora meliloti, Phytophthora medicaginis, Colletotrichum trifolii and 
Peronospora trifoliorum (Mackie et al. 2007; Maureira-Butler et al. 2007; Musial et al. 2005, 2006, 
2007; Robins et al. 2007a, 2007b, 2008) (Table 2.1). The extent of marker-trait associations performed 
in the above studies varies from locus associations in testcross populations to the identification of 
specific alleles of a marker on individual homologues contributing either positive and negative effects 
on the target trait under investigation. Each study identifies numerous QTL across the genome, 
indicating multigenic control and/or epistatic interactions conditioning expression of the trait. This is 
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consistent with theoretical and experimentally obtained findings in polyploid genetics (Allard 1999). 
Heterosis for yield in lucerne is an example. Maximum heterosis has been proposed to be manifested in 
plants containing chromosomal blocks of favourable dominant genes linked in repulsion (Bingham et 
al. 1994). The above molecular marker investigations of yield have identified multiple QTL across the 
genome, often with specific alleles at the same loci contributing either positive or negative additive 
effects to the phenotypic values determined across differing environmental factors including the 
seasonal timing of biomass assessment and location of genotype evaluation (Bingham et al. 1994; 
Musial et al. 2006; Robins et al. 2007a, 2007b).  
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Table 2.1 Molecular marker-trait association studies performed in both diploid and tetraploid M. sativa backgrounds. 
Trait Ploidy and 
structure of 
mapping 
population 
Marker 
system 
Linkage 
group(s) 
(LG) and 
QTL number  
Genetic 
background 
of material 
studied 
Extent of marker evaluation Reference 
n/a 2x, F1 
population 
derived from 
selfing an F1 
RFLP, 
RAPD, 
morphologic
al and 
isozyme 
Map 
generation 
only 
subsp. 
falcata x 
subsp. 
coerulea  
This was the first linkage map produced in M. sativa at 
either ploidy level. 89 markers were used to develop a 
linkage map of the diploid genome. Morphological 
markers for flower colour (anthocyanin and 
xanthocyanin production), dwarf and a sticky leaf 
phenotype were also mapped.   
(Kiss et al. 
1993) 
n/a 2x, F2 
population 
derived from 
selfing an F1 
RFLP Map 
generation 
only 
subsp. sativa 
(CADL) x 
subsp. 
coerulea 
(cultivated 
alfalfa at the 
diploid level) 
(Bingham 
and McCoy 
1979) 
108 cDNA RFLP markers were mapped across ten 
linkage groups in an F2 population. No marker-trait 
associations were performed. 
(Brummer 
et al. 1993) 
Somatic 
embryogenesis 
4x, F1 
population 
RAPD Marker-trait 
association 
only 
Rangelander 
x Arrow 36  
(subsp. sativa 
x subsp. 
sativa, USA 
cultivars) 
35 polymorphic RAPD markers were identified. A 
subset of 19 was used in the linkage analysis. Through 
segregation studies, one marker was identified as 
associated with one of two proposed genes determining 
somatic embryogenesis. No marker sequence data was 
identified. This was the first report of marker-trait 
association in M. sativa.  
(Yu and 
Pauls 
1993). 
n/a 2x, Backcross RFLP and 
RAPD 
Map 
generation 
only 
subsp. sativa 
x subsp. 
sativa  
153 markers segregating 1:1 were mapped in a 
segregating backcross population. Linkage maps were 
generated of the recurrent parent and the F1, using 
common markers to align maps. RFLP probes 
originated from Montana State University (MTS) and 
University of Wisconsin (UW) libraries.  
(Echt et al. 
1994) 
2n egg 
formation 
2x, F1 intercross RFLP  M. sativa x 
CADL 
105 RFLP loci were used in the study. Linkage maps of 
each parent were generated, and joined with bridge 
loci. No marker-trait association was performed.  
(Tavoletti et 
al. 1996) 
Winter 4x, Two BC RFLP Map Blazer 17 x 82 single dose restriction fragments were mapped in (Brouwer 
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hardiness 
(WI), fall 
dormancy 
(FG) and 
freezing 
tolerance (FI) 
populations, 
derived from 
one F1 plant 
crossed back to 
each parent 
generation 
only 
Peruvian 
(subsp. sativa 
x subsp. 
sativa, USA 
cultivars) 
both BC populations to generate composite maps of 
each linkage group: seven of the eight linkage groups 
identified. The RFLP probes used in this study 
originate from the diploid mapping studies outlined 
above (Echt et al. 1994, Tavoletti et al 1996 and 
Brummer et al. 1993). 
and Osborn 
1999) 
As above    As above The study was the first identifying QTL in tetraploid 
lucerne. Genomic regions were identified controlling 
winter injury (WI) and two component traits; fall 
growth (FG) and freezing injury (FI), with up to 50% 
of the phenotypic variation for each trait explained by 
the markers used. Marker loci associated with all three 
traits identified on linkage groups 5 and 8, and a subset 
of traits on groups 1 and 3 (FG and WI), and groups 2 
and 4 (WI). Additive gene action predominated for loci 
associated with WI, and partial dominance for FG and 
FI associated alleles. 
(Brouwer et 
al. 2000) 
2n egg 
formation 
2x, Bulked 
segregant 
analysis of 
interploidy 
crosses 
RAPD, ISSR 
and AFLP 
Marker-trait 
association 
only 
subsp. 
falcata x 
subsp. 
coerulea 
298 markers were incorporated into linkage groups. A 
bulk segregant analysis strategy was used to identify 
markers potentially linked to 2n egg production. 
Estimation of the minimum number of genes 
conditioning 2n egg production was then undertaken by 
ANOVA and regression analysis.  
(Barcaccia 
et al. 2000) 
n/a 2x RFLP, 
RAPD, 
morphologic
al and, seed 
protein and 
isozyme 
Map 
generation 
only 
subsp. 
falcata x 
subsp. 
coerulea 
This study produced an improved map of the diploid 
M. sativa map reported in Kiss et al. (1993) A total of 
868 markers were incorporated. 80 of the markers were 
known genes, including 2 previously cytologically 
localised genes (B tubulin and rDNA). No marker-trait 
association was reported. 
(Kalo et al. 
2000) 
Peronospora 
trifoliorum 
(downey 
mildew 
resistance) 
4x, two 
populations 
differing only in 
disease reaction 
AFLP Marker-trait 
association 
only, using 
anonymous 
markers 
subsp. sativa 
x subsp. 
sativa  
The study identified AFLP fragments (markers) linked 
to P. trifoliorum resistance in two M. sativa 
populations differing only in disease reaction. In 
further analysis within these populations, one AFLP 
fragment was found to be significantly associated with 
resistance. This marker was sequenced and specific 
PCR primers designed for further evaluation, which 
established the marker could increase the chances of 
finding a resistant lucerne plant by 40% when used as a 
selection aid in a population containing 5% resistant 
plants. This marker is the first DNA marker sequence 
confirmed as associated with disease reaction through 
allele frequency and cosegregation studies in tetraploid 
lucerne. 
(Obert et al. 
2000) 
 16 
n/a 2x, and 4x. The 
4x population 
was derived by 
selfing an F1 to 
produce the F2.  
SSR Map 
integration, 
marker 
analysis only 
subsp. sativa 
x subsp. 
sativa 
The study investigated the use of multi-allelic SSR 
markers for use in diploid and tetraploid M. sativa 
mapping. 10 SSR markers were evaluated and 
incorporated into an existing diploid population 
(Brummer et al. 1993), and in a F2 tetraploid population 
generated for the study. No marker-trait association 
performed. 
(Diwan et 
al. 2000) 
n/a 4x, F1 
population 
SSR, AFLP Map 
generation 
only 
Magali x 
Mercedes 
(subsp. sativa 
x subsp. 
sativa) 
 
599 AFLP and 107 SSR markers were used to develop 
separate linkage maps of the two parents. The SSR 
markers alone were used to generate a composite map 
of the parents. This is the first study to use tetraploid 
mapping software (Hackett and Luo 2003), and 
consequently utilise codominant, multi-allelic markers 
such as SSR makers for M. sativa mapping.  
(Julier et al. 
2003) 
Drought 
tolerance 
4x, Two BC 
populations, 
derived from 
one F1 plant 
crossed back to 
each parent 
SSR Map 
generation 
only 
subsp. sativa 
x subsp. 
falcata 
286 single dose SSR alleles were mapped in both BC 
populations to generate a composite map of each 
linkage group in the F1 plant. SSR markers originated 
from M. truncatula BAC or EST sequences, or 
previous mapping studies (Diwan et al. 2000; Julier et 
al. 2003). No marker-trait association was performed. 
(Sledge et 
al. 2005) 
Phytophthora 
medicaginis 
(Phytophthora 
root rot) 
4x, Backcross RAPD, 
AFLP 
Linkage 
groups not 
identified; 
anonymous 
markers used 
Demnat  x 
Sequel 
(subsp. sativa 
x subsp. 
sativa) 
(Australian 
cultivars) 
155 simplex and 20 duplex markers were used to 
identify 7 homology and 2 unassigned linkage groups. 
This study identified QTL on three linkage groups 
explaining 6-15% of the phenotypic variation for P. 
medicaginis resistance. The markers linked to these 
QTL have not been developed further. 
(Musial et 
al. 2005) 
Yield and 
yield 
components 
4x, backcross RAPD, 
AFLP 
Linkage 
groups not 
identified; 
anonymous 
markers used 
As above This study identified the first QTL for yield in 
tetraploid lucerne. These QTL for yield explained up to 
26, 12 and 13% of the variation, and were identified on 
linkage groups 2, 4 and 8 respectively. These linkage 
groups have not been identified by incorporating 
markers from other linkage mapping studies or M. 
truncatula. No further marker development was 
undertaken. 
(Musial et 
al. 2006) 
Biomass 
production 
4x, F1 intercross RFLP,  SSR Associated 
markers  
were found 
on all 8 
linkage 
groups; most 
on groups 5 
and 7 
WISFAL-6 x 
ABI408 
(Bingham 
1993)  
(subsp. sativa 
x subsp. 
falcata) 
41 marker alleles were found to be associated with both 
positive and negative effects on biomass production, 7 
of which were important in more than 1 sampling 
period. The alleles were identified from both parents. 
The analysis was performed using single-marker 
analysis, not interval mapping due to the marker types 
used. It further showed that homologous chromosomes 
within the same plant can contribute alleles with both 
(Robins et 
al. 2007a) 
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positive and negative effects on biomass production.  
Forage yield, 
plant height 
and regrowth 
4x, F1 intercross RFLP,  SSR Associated 
markers  
were found 
on all 8 
linkage 
groups; most 
on group 7 
As above The analysis was performed as above, and identified 
numerous marker alleles associated with the three 
traits. Linkage group 7 was identified as the most 
important linkage group, with numerous QTL for all 
three traits identified across multiple harvests. 
However, the marker analysis undertaken prevented 
determination of the number of loci involved with any 
trait. No further marker development was undertaken. 
(Robins et 
al. 2007b) 
Stagonospora 
medicaginis 
(Stagonospora 
crown rot) 
4x, Backcross AFLP, SSR Resistance 
identified on 
group 7, 
resistance in 
repulsion on 
group 2, and 
susceptibility 
on group 6 
Trifecta x 
Demnat 
(Australian 
cultivars) 
(subsp. sativa 
x subsp. 
sativa) 
 
232 markers were mapped in the backcross population. 
Three QTL were identified, each explaining between 8 
and 17 percent of the phenotypic variation. Both AFLP 
and SSR markers anchored to M. truncatula were 
associated with the QTL. No further marker 
development was undertaken. 
 
 
(Musial et 
al. 2007) 
Colletotrichum 
trifolii 
(anthracnose) 
4x, Backcross AFLP, SSR Race 1 and 2 
resistance on 
group 4, race 
1 and 4 
resistance on 
group 8, 
smaller QTL 
on group 6 
 The backcross mapping population described above 
was used for this study. Major phenotypic markers for 
resistance to stem injection to races 1 and 4 were 
identified 3cM apart on linkage group 8. Modelling of 
the interactions between individual QTL and marker 
effects allowed a total of 52–63% of the phenotypic 
variation to be described for each of the different races. 
Marker development is currently underway (Author). 
 
(Mackie et 
al. 2007) 
Yield and fall 
growth 
4x, an F4 
population (F1–
F3 populations 
intermated) test 
crossed to 2 
cultivar clone 
testers  
RFLP Marker 
location 
known from 
other studies: 
Yield:  LG 1, 
2, 4, 7, 8  
Fall growth: 
1, 2, 4, 6, 7 
Peruvian x 
WISFAL 
(subsp. sativa 
x subsp. 
falcata) 
The study performed a marker-trait association on 
previously mapped RFLP (Maureira-Butler et al. 2007) 
in testcross populations. No linkage map was produced. 
Five and seven genomic regions found to be associated 
with the two traits. Most regions previously identified 
in a bi-parental mapping population from which the 
markers originated. The authors suggest marker-DNA 
fragment associations can be made outside bi-parental 
populations.  
(Maureira-
Butler et al. 
2007) 
Aluminium 
tolerance 
2x, backcross SSR QTL 
identified on 
groups 1, 2 
and 3 
subsp. 
coerulea x 
subsp. 
coerulea  
132 loci were placed into 10 linkage groups. Three 
QTL, explaining 38, 16 and 27% of the variation for 
aluminium tolerance. Included in the linkage analysis 
were polymorphic markers derived from candidate 
tolerance genes identified in other species. The 
tolerance assay was based on callus tolerance to 
aluminium, and validation of these markers in field 
conditions, and a tetraploid background has yet to be 
(Narasimha
moorthy et 
al. 2007) 
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undertaken. 
Persistence 4x, F1 intercross RFLP,  SSR Groups 1, 2, 
3 and 7 
associated 
with 
persistence. 
WISFAL-6 x 
ABI408 
(subsp. 
falcata x 
subsp sativa.) 
The molecular genetic map and marker data for this 
population have been developed in a previous study 
(Robins et al. 2007a).  Re-analysis of the marker data 
allowed allelic associations and interval QTL mapping 
for persistence in three separate geographic locations in 
the USA. Markers linked to persistence were often 
identified as linked to biomass production in other 
studies using this population. Linkage group 7 was 
identified as the most important linkage group, 
however no further marker evaluation or development 
was reported. 
(Robins et 
al. 2008) 
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Even with the first draft M. sativa genome sequence released (Yang 2012), future molecular marker 
development in M. sativa is likely to continue to utilise the genetic information available in the model 
legume M. truncatula. Use of the genetic and genomic information from M. truncatula may allow 
closely linked markers, or the underlying genes themselves, to be identified for the target traits in M. 
sativa. This would be achieved by utilising the sequence and positional data from M. truncatula to 
enable comparative mapping (Figure 2.2), marker saturation under QTL in M. sativa with markers from 
M. truncatula, and through the development of markers based on candidate genes in M. truncatula 
under QTL from the corresponding position in M. sativa. 
 
 
Figure 2.2 Consensus map of syntenic regions across six legume species. Reproduced from (Choi et al. 2004a). Gm, Glycine max 
(soybean), Mt, Medicago truncatula, Ms, Medicago sativa (lucerne), Ps, Pisum sativum (pea), Vr, Vigna radiata (mungbean), Pv, 
Phaseolus vulgaris (common bean). L = long arm, S = short arm.   
 
The genome synteny observed between M. truncatula and M. sativa using molecular markers also 
extends to pathogen resistance loci. M. truncatula is a common host to many pests and pathogens of 
economic significance in lucerne (discussed further in Section 2.4 below). Complementary research 
undertaken in M. truncatula has identified QTL, or the genes themselves, for resistance to lucerne pests 
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and pathogens including blue-green, spotted and pea aphids (QTL: AKR, TTR and RAP1 respectively) 
anthracnose (Colletotrichum trifolii, gene RCT1) Phytophthora root rot (Phytophthora medicaginis), 
Aphanomyces root rot (Aphanomyces euteiches, AER1) (D'Souza 2009; Klingler et al. 2007; Pilet-
Nayel et al. 2009; Stewart et al. 2009; Yang et al. 2007, 2008).  An example of the synteny between 
Medicago species at resistance loci is the RCT1 gene cloned from chromosome 4 of M. truncatula. A 
major QTL in the same region in M. sativa was identified conferring resistance to race 2, and a smaller 
effect QTL for resistance to race 1 of C. trifolii (Mackie et al. 2007). Further synteny may exist at loci 
conferring resistance to P. medicaginis in lucerne. A recent finding in M. truncatula identified two 
major QTL for Phytophthora resistance residing on chromosomes 2 and 6, explaining 69% of the 
phenotypic variation (D'Souza 2009).  
 
The identification of QTL, molecular markers or genes linked to any of the resistances to P. 
medicaginis in M. sativa and investigation of synteny between the genomic locations of these 
resistances with those identified in M. truncatula would be of particular interest. Molecular markers 
linked to P. medicaginis, in any lucerne background, could potentially enable marker-assisted selection 
for Phytophthora resistance.  
 
 
2.3 Implications of lucerne genetics for cultivar development 
A broad-based synthetic approach has been the most commonly used process for lucerne breeding since it 
was first described by Tysdal et al. (1942). The method is based on recurrent phenotypic selection 
following polycrossing of a large number of unrelated parents (individual S0 plants, each a different 
genotype) (Tysdal et al. 1942). Phenotypic selection is usually carried out on half-sib families followed 
by 3-4 generations of panmictic reproduction before commercialisation. This breeding approach is driven 
by several key features of autotetraploid genetics and biology detailed in Section 2.2, which dictate the 
approach taken to minimise inbreeding depression and to maximise heterozygosity and resultant heterosis 
(Bingham 1980, 1998; Brummer 1999). Attempts to capture heterozygosity and minimise inbreeding 
depression in a broad-based synthetic approach to lucerne breeding is achieved by using germplasm from 
diverse sources and applying selection pressure to plant populations derived from large numbers of S0 
plants.  
 
However, a broad-based synthetic approach presents an inherent set of limitations which are highlighted 
by the yield plateau observed in lucerne in the absence of disease and pest pressures (Lamb et al. 2006; 
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Lowe et al. 2000). A broad-based population structure and the use of large populations of plants in 
phenotypic recurrent selection has implications for making genetic gain. This population structure 
results in the poor exploitation of non-additive gene action in current lucerne breeding schemes (Hill 
1971, 1983; Hill et al. 1988) which leads to outbreeding depression in advanced generations (Bingham 
1998).  Another consideration is that while traits controlled by one or a few dominant genes can be 
improved effectively in relatively few cycles of recurrent selection, poor genetic gain will be made for 
traits of low heritability present in a small proportion of individuals and hence masked by the 
remainder of the population in these broad-based synthetics (Irwin et al. 2001, 2008). Improved 
breeding strategies have been proposed to address the limitations of the current broad-based synthetic 
approach and the constraints imposed by lucerne. These improved breeding strategies utilise synthetics 
based on far fewer parents than are currently being used, providing greater possibilities for making 
genetic gain for multiple quantitatively inherited traits (Brummer 1999).  
 
Irwin et al. (2008) propose an improved breeding strategy which utilises recurrent selection, working at 
the individual genotype (plant). Production of new, synthetic cultivars would utilise few (4–8) elite S0 
genotypes with high general combining ability for yield (Busbice 1969; Irwin et al. 2008) that have 
undergone phenotypic and/or molecular characterisation for the necessary pest and pathogen 
resistances in addition to target trait selection. The resultant cultivar, based on a few well characterised 
plants, will increase the chances of making genetic gain for target traits expected to demonstrate lower 
heritability. These traits would include large seededness, water-use efficiency, grazing tolerance, acid 
soil tolerance and others; with particular emphasis on forage yield per se gains (Bouton 2012; Irwin et 
al. 2008). This scheme would potentially develop molecular marker profiles of each individual plant, 
for pedigree tracing, QTL or other marker-trait association studies. Another approach to lucerne 
cultivar improvement is through semi-hybrids. Brummer et al. (1999) propose that a semi-hybrid 
strategy may capture heterosis for yield. With this strategy, heterotic parental populations would be 
separately improved for target traits and converged to create a semi-hybrid. This approach has also 
been suggested as a mechanism to introduce additional genetic diversity from M. falcata germplasm 
into M. sativa. Molecular markers were proposed to incorporate the desired falcata alleles without 
incorporating larger genomic regions that may disrupt favourable epistatic interactions present within 
the sativa background (Li and Brummer 2009).  
 
Novel sources of genetic diversity provide another avenue to improve lucerne germplasm. Sakiroglu et 
al. (2010) identified diploid subspecies of M. sativa that form distinct genetic groups, as have tetraploid 
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forms (Mackie et al. 2005; Riday and Brummer 2005). Molecular analyses further subdivided the 
subspecies falcata and caerulea into subclusters, indicating additional sources of diversity for use in 
lucerne germplasm development (Sakiroglu et al. 2010). Medicago arborea, an herbaceous woody 
legume native to the Mediterranean sea coast (Small and Jomphe 1989), is another source of genetic 
diversity. Asymmetric hybrids were created between M. sativa and M. arborea by sexual reproduction, 
incorporating small sections of the arborea genome in a predominantly sativa background (Armour et 
al. 2008; Bingham 2005). Testcrosses made to a series of these hybrids identified significant testcross 
parent heterosis for yield for some combinations, and indicated the potential for substantial yield 
improvements to be made over current cultivars (Irwin et al. 2010).  
 
Irrespective of the lucerne breeding strategy and germplasm source used, the maintenance of adequate 
levels of resistance to the lethal pathogens prevalent in the intended cropping region is an essential 
attribute to incorporate in new cultivar development. Resistance to P. medicaginis is one such essential 
attribute and understanding the resistance(s) present in parental genotypes of the narrow based 
synthetics proposed by Irwin et al. (2008) will be particularly important. 
 
2.4 Breeding for disease resistance in lucerne 
As with most cultivated crop species, lucerne is host to a number of pests and pathogens of economic 
significance. There are more than 100 insect pests, bacterial, viral and fungal pathogens that limit the 
persistence and productivity of sown lucerne swards (Lloyd 2002). Cultivar resistance to a number of 
these is necessary due to their ability to cause plant mortality, or severely limit sward productivity. Acute 
(causing plant mortality) diseases limiting persistence and productivity of sown lucerne swards include 
those caused by Colletotrichum trifolii (anthracnose stem and crown rot) and Phytophthora medicaginis 
(phytophthora root rot), Verticillium albo-artum (verticillium wilt, not present in Australia), 
Stagonospora meliloti (crown rot) and by the pests blue-green, spotted and pea aphids (Therioaphis 
trifolii f. maculate, Acyrthosiphon kondoi and Acyrthosiphon pisum respectively) (Ariss and Rhodes 
2006; Grau et al. 1991; Havey et al. 1987; Irwin 1977; Irwin et al. 2004; Jimenez et al. 1989; Julier et 
al. 2004; Lloyd 1980). Relatively simple modes of inheritance have been identified for resistance to most 
of these pathogens through inheritance studies utilising individual genotypes selected from a larger 
population. The review undertaken by Irwin et al. (2001) described the resistance deployment in 
Australian lucerne cultivars. There appear to be a number of genetic mechanisms conferring resistance to 
each pathogen for which molecular markers for resistance have been identified (Table 2.2). This is not 
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unexpected, given the presence of 10 distinct germplasm sources (Section 2.1) and the use of a broad-
based population structure to create lucerne cultivars. Importantly, the resistances identified have 
generally shown to be highly heritable and amenable to population (cultivar) improvement through 
several cycles of recurrent selection (Clements et al. 1984) (Irwin et al. 2001). The focus of this thesis is 
the genetics of resistance to the pathogen Phytophthora medicaginis in Medicago sativa.  
 
Table 2.2 Resistances identified to the lucerne pathogens Phytophthora medicaginis and Colletotrichum trifolii  
Pest or pathogen Genetic 
background 
(cultivar) 
Gene identified,  Mode of inheritance  Reference 
Colletotrichum trifolii    
race 1 Arc An1 single, dominant tetrasomic 
gene 
(Elgin and 
Ostazeski 1985) 
race 1 and race 2 Saranac AR An2 single, dominant tetrasomic 
gene; An 
(Elgin and O'Neill 
1988) 
races 1, 2 and 4 Trifecta clone 
W126 
An1, An2 and 
An4 
dominant tetrasomic genes , 
An1 on chromosome 8 and 
An2 on chromosome 4 , 
also An4 on chromosome 8 
(Mackie et al. 
2007) 
Phytophthora medicaginis    
 Agate Pm incomplete dominance (Lu et al. 1973) 
 2x and 4x M. sativa Pm1 and Pm2 incompletely dominant, 
independently segregating, 
complementary genes 
(Irwin et al. 1981a, 
1981b) 
 M. falcata Pm3 and Pm4 dominant allele at either of 
two independently 
segregating loci 
(Havey and 
Maxwell 1987) 
 2x and 4x M. sativa Pm5 and Pm6 dominant allele at either of 
two independently 
segregating loci 
(Havey et al. 1987) 
 Sequel clone W116 - quantitatively inherited with 
QTL explaining  6–15 
percent of the phenotypic 
variation across 3 
unidentified chromosomes 
(Musial et al. 
2005) 
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There are well-established, standardised screening methods to evaluate lucerne resistance to 
economically important pests and pathogens of lucerne, including Phytophthora root rot (Fox et al. 1996). 
These screening methods are routinely used to provide information on the resistances present in newly 
developed cultivars for the purposes of cultivar description and in some cases to provide evidence for the 
presence of a distinct character (a given disease resistance level) in new cultivars (UPOV). However, the 
specific combinations of gene(s) or allele(s) present in each cultivar and within each individual within a 
cultivar are often unknown. It will become increasingly important to understand the resistances present in 
parental lucerne germaplasm as the breeding focus of future cultivars shifts to additional target traits 
utilising fewer S0 parental genotypes.  
 
The model legume, Medicago truncatula, is a common host to numerous pests and pathogens of lucerne 
including phytophthora root rot, anthracnose, verticillium wilt, Aphanomyces root rot (Aphanomyces 
euteiches) blue-green and spotted aphids. Complementary research undertaken in Medicago truncatula 
may provide many genetic and genomic tools for resistance breeding efforts in Medicago sativa. M. 
truncatula is closely related to M. sativa and the two species share considerable genome synteny (Choi et 
al. 2004b). The full genome sequence of M. truncatula is available, but no such resource exists for M. 
sativa, with the first report of a draft genome sequence for M. sativa appearing in 2012 (Yang 2012). 
Quantitative trait loci (QTL) and/or genes conferring resistance to a number of pests and pathogens 
affecting lucerne including Phytophthora, anthracnose, Aphanomyces root rot (Aphanomyces 
euteiches) blue-green and spotted aphids have been identified in Medicago truncatula (D'Souza 2009; 
Klingler et al. 2007; Pilet-Nayel et al. 2009; Yang et al. 2007). The importance of the QTL for 
Phytophthora resistance in M. truncatula, and complementary research undertaken in M. truncatula is 
discussed further below. 
 
2.5 What is known about P. medicaginis resistance in lucerne  
Phytophthora root rot, caused by the oomycete pathogen P. medicaginis, is a lethal disease of lucerne. 
Resistance to Phytophthora is an essential attribute to incorporate into (lucerne) cultivars when such 
cultivars are likely to be grown on heavy soils that can remain excessively wet for prolonged periods 
(Marks and Mitchell 1970). Phytophthora species are characterised by thick-walled oospores that are 
able to persist in soil and plant debris after death of the host. The somatic phase of Phytophthora 
possess diploid nuclei, whereas higher fungi contain haploid nuclei. Asexual sporangia produce motile 
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zoospores, which are capable of long-distance dissemination in free water. Zoospores are the primary 
infective propagules of Phytophthora, including P. medicaginis. Phytophthora hyphae are coenocytic 
with cell walls made of cellulose, unlike fungi which have septate hyphae made of chitin. These 
characters, along with a variety of other biochemical differences distinguish Phytophthora from fungi 
and place them closer phylogenetically to protists of the Stramenopile group (Erwin 1983).  
 
An extensive review of the biochemical interaction of oomycete pathogens with their hosts has been 
undertaken (Hardham 2006). Phytophthora pathogens are typically hemibiotrophic. Infection of a 
susceptible host is initially biotropic and, once established, Phytophthora switches to a nectrotrophic 
phase to proliferate and reproduce. Plant cell walls are penetrated by the formation of appresoria-like 
swelling of the hyphae, and early colonisation is inter or intra-cellularly with minimal disruption to host 
tissue. The biochemical interactions between host and pathogen begin in the rhizosphere prior to 
physical contact with chemoattraction of zoospores towards root exudates. This interaction continues 
through zoospore attachment and attempted infection. Following byplay between host recognition of 
the pathogen and attempts to repress the host’s response by the pathogen, the interaction ultimately 
ends in the manifestation of either a resistant or susceptible host response (Hardham 2006; Hein et al. 
2009). The focus of this thesis is on the end point of the biological interaction between P. medicaginis 
and M. sativa in the form of either a resistant or susceptible host reaction.  
 
The root system of lucerne plants is the primary organ in which the disease manifests. P. medicaginis 
infects lucerne roots at the zone of elongation and at the lateral root junction. It is at these points that 
zoospores accumulate, attach, encyst and attempt to infect the host, with the expression of resistance 
occurring after penetration of the host by zoospore germ tubes (Irwin 1976). A series of loci conferring 
resistance to P. medicaginis have been identified through inheritance studies involving individual 
plants (genotypes) across M. sativa and M. falcata genetic backgrounds. The majority of the published 
research is based on investigations in diploid material, using resistance transferred from the 
autotetraploid M. sativa clone M193 via bridge crosses into susceptible diploid backgrounds (Irwin et 
al. 1981a, 1981b) (Havey et al. 1987), with an additional source of resistance from M. falcata (Havey 
and Maxwell 1987). Expression of resistance to Phytophthora is conditioned by at least six different 
loci with several modes of inheritance identified in the genetic backgrounds above. Furthermore, 
complex interactions have been identified which include gene dosage at each loci and the presence of 
two independent loci with the requirement of at least a simplex dose at each loci for the expression of 
resistance. A quantitatively inherited resistance to P. medicaginis has been mapped in the lucerne clone 
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W116, albeit with anonymous molecular markers (Musial et al. 2005). However, the genomic location 
of the above resistance loci, or resistance(s) present in other lucerne backgrounds remains to be 
determined. 
 
The development of molecular markers to identify Phytophthora resistance in individual autotetraploid 
M. sativa genotypes would provide a valuable breeding tool to the worldwide industry. Molecular 
markers tightly linked to Phytophthora resistance will have a significant role in tracking the segregation 
of resistance(s) of interest in elite lucerne plants, which will deliver time and cost savings to breeding 
programs. Molecular markers can support significant advances in new breeding schemes using narrow 
based synthetics and other innovative breeding strategies. The advances would be realised allowing 
breeding efforts to focus on increasing productivity through increased yield and on additional traits 
currently limiting lucerne adoption and planting areas, whilst maintaining the necessary disease 
resistance profiles in new cultivars. Furthermore, multiple different resistances to lucerne pathogens 
affecting the productivity and persistence of lucerne swards have been identified in a range of genetic 
backgrounds. Markers developed for Phytophthora loci from different genetic backgrounds would 
provide the opportunity to identify the resistance mechanism, or mechanisms, present in that 
germplasm source and potentially allow pyramiding of resistances. An understanding of the particular 
resistances present in parental germplasm would allow predictions to be made about progeny resistance 
levels before crosses are performed.  
 
2.6 Purpose of the research presented in this thesis 
The research presented in this thesis identified QTL for resistance to P. medicaginis in the 
autotetraploid lucerne clone WA272. This is the first time that genomic location of Phytophthora 
resistance loci in lucerne has been reported. The resistance loci identified in WA272 were aligned with 
the quantitatively inherited resistance mapped in lucerne clone W116, and those detected in M. 
truncatula.  An alignment of the resistances in lucerne clones WA272 and W116, and in M. truncatula 
provides a starting point for cataloguing the diversity of resistance loci present in the Medicago gene 
pool. Populations segregating for resistance to P. medicaginis were generated from the crosses WA272 
x D (mapping and validation populations) and WA272 x W116, with additional information from 
previous mapping populations also utilised (Table 2.3).  QTL associated with resistance were identified 
in the WA272 x D mapping population across root and cotyledon infection courts, and using SSR 
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markers of known chromosomal origin, alignments were made with the QTL in lucerne clone W116 
and M. truncatula. 
 
 
Table 2.3 Key lucerne genotypes/mapping populations used in this thesis. 
 
 
  
Tetraploid 
M. sativa 
genotype 
Population(s) in which 
clone used 
Population 
type 
Linkage 
map(s) 
developed 
Abbreviated map 
name used in this 
thesis 
Reference 
D (W116 x D) x D 
(W126 x D) x D 
Backcross 
Backcross 
W116, D 
W126 
W116 map 
W126 map 
(Musial et al. 2005) 
(Mackie et al. 2007) 
W116 (W116 x D) x D Backcross W116 W116 map (Musial et al. 2005) 
W126 (W126 x D) x D Backcross W126 W126 map (Mackie et al. 2007) 
WA272 
 
 
 
WA272 x D mapping 
 
WA272 x D validation 
WA272 x W116 
Intercross 
 
Intercross 
Intercross 
WA272, D 
 
No map made 
No map made 
WA272 map, 
D map 
N/a 
N/a 
This study, Chapters 3 
& 4 
This study, Chapter 5 
This study, Chapter 6 
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Chapter 3 Inheritance of P. medicaginis resistance in an autotetraploid population 
of M. sativa 
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3.1 Introduction 
Resistance to Phytophthora medicaginis is an essential attribute to incorporate into Medicago sativa 
(lucerne) cultivars which are likely to be grown on heavy soils that can remain excessively wet for 
prolonged periods. Lucerne cultivars are a heterogeneous mixture of genetically distinct, out-crossing 
individuals produced by random mating of a large number of parent plants (genotypes) (Busbice 1969; 
Stanford 1951). Consequently, a cultivar consists of a diverse population of individuals, each 
potentially varying in resistance levels to P. medicaginis. Cultivar resistance is assessed as a percentage 
of individuals within that population that survive standardised inoculation procedures. Use of a cultivar 
without adequate levels of P. medicaginis resistance will result in a yield penalty when conditions 
favouring a disease outbreak occur (Bray and Irwin 1978). This yield penalty is chiefly manifested 
through a reduction in stand (plant) density as a result of an interaction between both the duration of 
conditions favouring disease outbreak and the relative resistance level of the cultivar being grown.  
 
Due to the cross pollination requirement and heterogeneous composition of lucerne populations, the 
number of loci and the mode(s) of inheritance of resistance in a cultivar are rarely determined. A series 
of loci conferring resistance to P. medicaginis have been identified through inheritance studies 
involving individual plants (genotypes) across several different M. sativa genetic backgrounds. 
Expression of resistance is conditioned by at least six different loci with several modes of inheritance 
identified. Lu et al. (1973) proposed that susceptibility to P. medicaginis was conditioned by a single 
gene, Pm, with incomplete dominance in the North American cultivar Agate (Lu et al. 1973). 
Subsequent inheritance studies in clone M193 have identified resistance to P. medicaginis controlled 
by two incompletely dominant, independently segregating, complementary genes, Pm1 and Pm2 or by a 
dominant allele at independently segregating loci Pm5 and Pm6 in derived diploids of M193 (Havey et 
al. 1987; Irwin et al. 1981a, 1981b).The loci Pm1/Pm2 and Pm5/Pm6 were all derived from the resistant 
tetraploid parent plant M193. The involvement of two loci, and the interaction between loci is complex. 
Expression of resistance in this genetic background would appear to be dependent on the specific 
gametic complement inherited from the parent plant. Furthermore, gene dosage has an effect on the 
expression of resistance in certain genetic backgrounds. For example,  in the tetraploid material studied 
by Irwin et al. (1981b), resistance was only expressed when Pm1 and Pm2 were present at a dosage of at 
least simplex at one locus, and duplex at the second locus.  
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In diploid Medicago falcata, resistance was shown to be conditioned by a dominant allele at either of 
two independently segregating loci Pm3 and Pm4 , which are independent of one or both of Pm1 and 
Pm2 and presumably Pm5 and Pm6 (Havey and Maxwell 1987). More recent research identified a 
quantitatively inherited resistance to P. medicaginis in a plant (W116) derived from a winter active 
tetraploid M. sativa population (Musial et al. 2005). Small effect QTL for resistance were identified 
across three linkage groups, explaining 6–15% of the phenotypic variation. In this research, only 
anonymous molecular markers (AFLP and RAPD markers) were used to develop the linkage map and 
consequently the genomic location of the QTL for resistance remains unresolved. Despite the 
identification of numerous loci with varying degrees of dominance, and quantitative loci conferring 
resistance to P. medicaginis, the genomic location of these loci and identity of the underlying genes 
remains unresolved (Havey and Maxwell 1987; Havey et al. 1987; Irwin et al. 1981a, 1981b; Lu et al. 
1973; Musial et al. 2005). 
 
A number of phenotyping methods for assessing resistance to P. medicaginis have been developed into 
standardised tests devised for new lucerne cultivar assessment (Fox et al. 1996). These assessment 
methods largely utilise the natural infection court, by introducing inoculum consisting of P. 
medicaginis zoospores or mycelia to the growth medium (soil or sand) in which seedlings or mature 
plants are grown under controlled environment conditions to identify resistant plants. These techniques 
effectively mimic conditions that lead to disease development in commercial lucerne plantings in the 
field. The emphasis of these techniques is the identification of resistant plants, and the preservation of 
highly susceptible plants for further study is either not feasible (hypocotyl infection by P. medicaginis 
will kill susceptible seedlings) or requires clonal propagation of each genotype to be tested in root 
inoculation experiments. To preserve susceptible parent plants, clonal propagules (stem cuttings) at a 
minimum age of 8–12 weeks must first be prepared. The experiment is then carried out on multiple 
cuttings (replicates) of each parental genotype, setting aside the seed parent plant, or cuttings for 
preservation. Several alternative methods for assessing plant reaction to P. medicaginis have been 
developed which utilise infection courts other than the hypocotyl of seedlings or the mature root 
system. These methods utilise the plant stem or cotyledons inoculated with Phytophthora mycelia and 
zoospores respectively (Irwin and Maxwell 1980; Irwin et al. 2003; Pratt et al. 1975). Importantly, it is 
feasible to identify and preserve susceptible plants using these inoculation methods. Previous studies 
have made comparisons between phenotyping methods involving different infection courts using S0 
clones, but to date, no study has examined the reaction of the same individuals of a segregating 
population across cotyledon, root and stem infection courts. 
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The hypothesis to be tested in this chapter is that the genetic basis of P. medicaginis resistance in the 
genotype WA272 can be determined from a WA272 x D population segregating for disease reaction, 
and that the genetic basis for resistance can be determined for different infection courts by examining 
the same individuals in each assessment made. The aims were to: generate and phenotype an 
autotetraploid Medicago sativa population comprising F1 individuals from the cross WA272 x D; and 
determine the genetic basis of resistance to Phytophthora medicaginis in this population. Phenotyping 
methods were employed on each individual in the population utilising three plant infection courts to 
assess both plant reaction type and disease severity following P. medicaginis infection. Assessment of 
the segregation of the resistances expressed will allow investigation of the genetic mechanism(s) 
operating in each infection court. The phenotypic information obtained will be used to determine the 
location of QTL associated with the resistances identified (Chapter 4). 
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3.2 Methods 
3.2.1 Plant material (WA272 x D mapping population) 
An autotetraploid lucerne intercross population comprising plants from the cross WA272 x D (resistant 
and susceptible to P. medicaginis respectively) was prepared as described below. The genetic 
background of plant WA272 traces to the cultivar Aquarius, which is derived from the genotype 
(M193) in which P. medicaginis resistance loci Pm1 and Pm2 and Pm5 and Pm6 were identified (Havey 
et al. 1987; Irwin et al. 1981b). Parental seed of Aquarius was generated by crossing S1 seedlings of P. 
medicaginis-resistant clone M193 with individuals from the cultivar Cuf101 (Anon 1996). The lucerne 
genotype WA272 was identified as Phytophthora resistant in routine screening of a later generation of 
Aquarius, and may have the same two complementary loci (Pm1 and Pm2), or the two independently 
segregating loci (Pm5 and Pm6) conferring resistance as M193. Clone D is a single plant from the 
cultivar Demnat (Oram 1990) known to be susceptible to P. medicaginis, and used in previous mapping 
studies (Irwin et al. 2006; Musial et al. 2005, 2006).  
 
An intercross of two lucerne genotypes, WA272 ♀ x Demnat ♂ (D), was generated using suction 
emasculation and hand pollination in the glasshouses at The University of Queensland in early 2007. 
Selfed seed of D (D ) was also produced at this time. Plant WA272 is largely self incompatible; self 
fertilising of several thousand flowers produced less than two dozen seeds. Seeds were harvested by 
hand and cleaned, scarified and pre-germinated overnight on Whatman #1 filter paper moistened with 
distilled water before planting into plastic seedling trays containing sterilised University of California 
(UC) mix (Baker 1972).  Each 300 x 350 mm seedling tray was divided into 42 cells. This arrangement 
provided room between seedlings to allow clear access to each cotyledon for phenotypic 
characterisation (Section 3.2.2.1). One hundred and eighty two WA272 x D F1 seedlings germinated 
and were grown for six days in a controlled environment glasshouse (temperature range 18–23oC) 
under natural illumination to generate the mapping population. At this stage of development, the 
cotyledons were fully expanded and most seedlings had produced their monofoliate leaf. These 
seedlings were used for the cotyledon inoculation experiment.  
 
Seedlings surviving the cotyledon assay were on grown a further three weeks in the seedling trays. 
During this time, care was taken with watering to ensure remaining inoculum was not washed from the 
cotyledons into the soil. The surviving seedlings (n = 165) were transplanted into 100 mm plastic pots 
containing sterilised UC mix and grown in a naturally illuminated glasshouse. Clonal propagules were 
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generated as necessary by striking stem cuttings of the seedlings and the parental genotypes ‘WA272 
and D’ in sterilised sand. Rooted cuttings (propagules) were transferred to, and maintained in sterilised 
100mm plastic pots containing sterilised UC mix. Established cuttings were grown in a naturally 
illuminated glasshouse with evaporative cooling for a minimum of 10 weeks prior to preparation for 
inoculation. Seedlings and mature plants (established stem cuttings) were used according to 
experimental requirements described in Sections 3.2.3.1–0 to characterise the reaction of each plant 
(parents and intercross (F1) progeny) to P. medicaginis across cotyledon, mature root and stem 
infection courts. 
 
3.2.2 Phytophthora medicaginis culture maintenance and inoculum preparation 
3.2.2.1 Phytophthora culture  
The Phytophthora medicaginis isolates used in the population phenotyping experiments were cultured 
and maintained using established laboratory procedures. Briefly, the cultures used for experiments were 
obtained from infected roots of field grown lucerne. Plants showing characteristic wilting symptoms 
were dug from the ground at Gatton, Queensland and roots showing characteristic tan or buff coloured 
lesions were retained for isolation of cultures. Roots were surface sterilised in 100% ethanol and small 
(3 mm) wedges of root tissue were excised from the margin of lesions and placed on oomycete 
selective ½ strength V8 juice agar (100 mL Campbells original V8 Juice, 15g agar (Sigma), 2g CaCO2 
(Sigma) made up to 1000 mL with distilled water and autoclaved) supplemented with polymixin, 
penicillin G and pimaricin at concentrations of 50 ppm, 50 ppm and 100 ppm, respectively (Eckert and 
Tsao 1962). Hyphal tip cultures were prepared from isolated fungal colonies. Colony morphology, 
oospore production and pathogenicity on D  seedlings (data not shown) confirmed isolation of P. 
medicaginis. Isolate UQ5953 was used for inoculation of the mapping population, and all cultures of 
this isolate were maintained on ½ strength V8 juice agar without antibiotics in 90mm petri dishes. 
Stored cultures were prepared by placing 10 mm x 5 mm plugs of freshly colonised ½ strength V8 juice 
agar in M
c
Cartney bottles containing autoclaved distilled water and storing at 20
0
C in the dark. To 
preserve isolate pathogenicity, fresh cultures were prepared from stored plugs for each experiment on 
the mapping population. 
 
3.2.2.2 Inoculum preparation: Cotyledon inoculation with zoospores 
Inoculum for zoospore inoculation experiments was prepared using 10 day old cultures prepared as per 
Section 3.2.2.1 using the procedures outlined in Irwin et al. (1979). The outer 10 mm of agar was 
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removed from the edge of each colony and plates were flooded with 20 mL of basic salt solution 
(Mitchell and Yang 1966) and incubated overnight at 15
0
C. Zoospores were counted with a 
hemocytometer. Inoculum was prepared for the first cotyledon inoculation experiment by flooding four 
plates. Zoospores were produced at a concentration of 30,000 mL
-1
. The same procedure (two plates) 
was used to produce zoospores for the second cotyledon inoculation experiment, at a concentration of 
300,000 zoospores mL
-1
. 
 
3.2.2.3 Inoculum preparation: mature root experiment 
The mycelia suspension inoculum prepared for the mature root experiment was prepared using the 
procedures outlined by Irwin and Maxwell (1980). Plugs of agar from 7–10 d old plates of P. 
medicaginis were used to inoculate 100 mL V8 juice still cultures grown in 250 mL conical flasks. 
Mycelia was harvested after 12 d and pressed dry between sterile paper towels to remove excess liquid. 
A subsample of the mycelia mats was taken to establish inoculum dry weight. The subsamples were 
dried in an oven at 60
0
C for 24h. Mycelia mats were resuspended in distilled water by blending for 10 
seconds and diluting as necessary to prepare sufficient inoculum for each experiment. The first 
inoculation of the WA272 x D population and parent plants used 122.4 g of mycelia harvested from 
100 still cultures at a moisture content of 75%. Each plant was inoculated with 30 mL of suspended 
mycelia, at a rate of 0.088 g mycelia dry weight per pot (average soil dry weight 438 g/pot). The repeat 
inoculation of resistant plants was performed with 30 mL of suspended mycelia at a rate of 0.12 g 
mycelia dry weight per pot. To establish the inoculum rate, soil dry weights were obtained from pots 
filled with UC mix as per seedling planting. Soil was dried in an oven at 60
0
C for 72h and weighed. 
 
3.2.3 Phenotypic characterisation for reaction to P. medicaginis 
Three separate experiments were undertaken to obtain phenotypic information for D, WA272 and each 
WA272 x D F1 plant across three different infection courts. These experiments sought to assess 
seedling reaction to zoospore inoculation of cotyledons, root reaction and severity of root symptoms to 
inoculation of mature roots with P. medicaginis mycelia, and reaction to inoculation of plant stems 
with P. medicaginis mycelia. 
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3.2.3.1 Cotyledon inoculation with P. medicaginis zoospores 
The reaction of the cotyledons from individuals of the mapping population to P. medicaginis zoospores 
was assessed. One hundred and eighty two F1 seedlings were grown as outlined in Section 3.2. Fifty 
two D  seedlings were included as susceptible checks. P. medicaginis zoospores were produced 
according to the method described in Section 3.2.2.1 above, and applied to the distal tip of only one 
cotyledon of each seedling. Seedlings were rated for disease reaction from 2 days post-inoculation. At 
the time of assessment, the inoculated cotyledon of susceptible plants (rating system described below) 
was excised at the closest point possible to the hypocotyl, away from the developing lesion, to prevent 
pathogen spread and seedling loss. This allowed highly susceptible plants to be rescued and grown on 
for the mature root and stem inoculation experiments and DNA extraction. The rating system used to 
assess the phenotype of inoculated seedlings (Table 3.1) was as described by Irwin et al. (2003). 
Seedlings with a reaction of 1, 2 or 3 were considered resistant, and a reaction of 4 or 5 were 
considered susceptible. 
 
Table 3.1 Cotyledon rating system for zoospore inoculation. 
Rating Plant reaction and severity Classification 
1 No visible symptoms R 
2 Small necrotic pock marks under inoculation site R 
3 Brown localised lesions present, covering >25% of the cotyledon MR 
4 Lesions, covering 25-75% of a cotyledon, without browning MS 
5 Lesions covering >75% of a cotyledon, without browning and/or seedling killed S 
To reduce the likelihood of disease escapes, seedlings that produced a resistant disease reaction (score 
of 1, 2 or 3) were re-inoculated seven days after the first inoculation. A fresh zoospore suspension was 
applied to the cotyledon not previously inoculated as described above. The final rating was made three 
days post inoculation. The most susceptible reaction observed for repeat cotyledon inoculations was the 
score assigned to each F1 plant. This procedure was used on the premise that a susceptible reaction to 
P. medicaginis is unequivocal, whereas a resistant response may be false due to disease escapism. 
 
3.2.3.2 Soil infestation with P. medicaginis mycelia  
This experiment assessed the reaction of the mature plant root system to P. medicaginis individuals of 
the mapping population. Two clonal propagules (replicates) of each available F1 plant (n = 165), and 
eight propagules of each parent plant (D and WA272) were used in the first mature root experiment. 
Prior to inoculation, plant regrowth was cut back to approximately 5 cm above soil level and plants 
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were moved to a controlled environment glasshouse (temperature range 18–23oC) under artificial 
illumination (light intensity 300 µmoles/m/s, 12h cycle). Replicates of each plant were randomly 
distributed amongst 900 mm x 1400 mm trays for inoculation, with each tray also containing at least 
one propagule of each parent plant. Thirty millilitres of fresh mycelia prepared according to the method 
in Chapter 2.1.3 was incorporated into the top 2 cm of soil in each pot. The inoculum was watered in 
from above, and the trays were flooded by filling to within 2 cm of the soil surface with water. A 
flooding/draining regime was implemented, consisting of three days flooding, two days draining, and 
ensuring plants were adequately watered during the drained period. This regime was continued for 21 
days, until all susceptible checks (D propagules) showed clear evidence of disease progression. At this 
time, all plants were destructively harvested and soil washed from the roots.  
 
A series of ratings were made independently on each replicate to determine the root phenotype (disease 
reaction type) of each plant. A plant root phenotype was determined by assessing root reaction using an 
established rating system (Table 3.2) (Irwin and Maxwell 1980). A disease severity phenotype was also 
determined by visually assessing the percentage of the total root system rotted (Table 3.3). Above 
ground severity was assessed by visually determining the amount of leaf chlorosis present in each plant 
using the rating system adapted from D’Souza (2009) to capture the variation in the WA272 x D 
population in discrete phenotypic classes (refer to Table 3.4). These three assessments were all made at 
the time of destructive harvesting. The most susceptible reaction observed for each replicate was the 
score assigned to the F1 plant. 
 
To reduce the likelihood of disease escapes, F1 plants that produced a resistant root reaction as set out 
in Table 3.2 (score of 1, 2 or 3) for both replicate cuttings were subjected to a second soil infestation 
experiment. New clonal propagules were inoculated as described above, including three propagules of 
each parent plant (D and WA272). The alternate flooding/draining regime was terminated at 19 days 
post inoculation, when the three susceptible checks (D) showed obvious above ground evidence of 
disease progression through severe yellowing and wilting of the shoots. Plant response was assessed as 
before using all three assessment methods. The most susceptible response observed for each replicate 
cutting and/or repeat inoculation was the final score assigned to each F1 plant. This procedure was used 
on the premise that a susceptible reaction to P. medicaginis is unequivocal. 
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Table 3.2 Plant root reaction rating system.  
Rating Plant reaction 
A
 Classification 
1 All roots white (healthy). R 
2 Small lesions not encompassing more than 0.2 of the circumference of the larger 
roots. Girdling lesions permissible on all roots up to 1mm diameter 
R 
3 Lesions on the largest roots encompassing 0.2 – 0.5 of the circumference. 
Girdling permissible on all roots up to 2mm diameter. 
MR 
4 Lesions completely girdling the largest roots. Most smaller roots destroyed. MS 
5 Entire root system rotted, above ground parts dead. S 
A
 Rating system modified from (Irwin and Maxwell 1980) to assess reaction type to P. medicaginis on the root system of 
clonal propagules instead of the tap root formed in seed parent plants. MR and MS describe moderately resistant and 
moderately susceptible classifications respectively. 
 
Table 3.3 Plant root disease severity rating system. 
Rating % of roots necrotic 
A
 Classification 
1 0–10 R 
2 10–20 R 
3 20–30 R 
4 30–40 R 
5 40–50 S 
6 50–60 S 
7 60–70 S 
8 70–80 S 
9 80–90 S 
10 90–100 S 
A
 Adapted from (Irwin et al. 1980b), symptoms described as % of roots necrotic 
 
Table 3.4 Leaf chlorosis rating system.  
Rating Symptoms 
A
 Classification 
1 Less than 5% chlorotic leaves R 
2 Leaf chlorosis present, not more than 40% of the total 
foliage  
S 
3 40 – 100% leaves chlorotic S 
A
 Adapted from (D'Souza 2009) 
 
3.2.3.3 Stem inoculation with P. medicaginis mycelia 
This experiment assessed the reaction of each individual of the mapping population to P. medicaginis 
using the plant stem as the infection court. New clonal propagules grown under the same environmental 
conditions and at the same plant age as the mature root experiment were used for this experiment. 
Plants with actively growing shoots (10 days of regrowth) were transferred to the same controlled 
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environment glasshouse and inoculated by inserting a weft of mycelia from an actively growing P. 
medicaginis culture (>14 d old) into the upper 3 internode regions of a stem. A minimum of two stems 
per plant was inoculated. Plants were incubated in a humidity chamber for 48 h and then grown for a 
further 3-4 days before assessment of stem infection using an established rating system (Table 3.5) 
(Irwin et al. 1980b).  
 
Table 3.5 Stem inoculation rating system.  
Rating Plant reaction
A
  Classification 
1 necrosis at inoculation site only, slight watersoaking up to 5mm on 
either side on inoculation point 
R 
2 watersoaked lesion for 5–20mm from inoculation point, no 
necrosis, or necrotic flecks only which extended for 10mm from 
either side of inoculation point 
R 
3 necrotic runner lesions 10–20mm long, which extended from 
either side of inoculation point, and tissue was not collapsed 
completely 
MR 
4 long, necrotic lesion, which extended at least 30mm from either 
side of inoculation point, tissue collapsed and shoot wilted 
S 
A
 Adapted from (Irwin et al. 1980b) 
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3.3 Results 
3.3.1 Seedling cotyledon reaction to P. medicaginis zoospores 
Cotyledon reactions to P. medicaginis ranged from highly resistant (disease score of 1) to highly 
susceptible (disease score of 5) based on phenotypic characterisation of the D  and WA272 x D F1 
populations after the first inoculation. Five of the 52 D  seedlings gave a resistant reaction on the 
inoculated cotyledon (disease score of 1 or 2), and 68 WA272 x D F1 seedlings gave a disease score of 
1 or 2. Difficulties in obtaining seed precluded inoculation of WA272  seedlings. No D  seedlings 
produced a reaction with a score of 3. All 68 WA272 x D F1 seedlings that gave a resistant score in the 
inoculation of the first cotyledon, and the 5 D  seedlings which also gave scores of 1 or 2 were re-
inoculated with a fresh zoospore solution on the un-inoculated cotyledon.  
 
At the final assessment after the second inoculation, all 52 D  seedlings were highly susceptible with 
the five re-inoculated plants that originally gave a resistant score all scoring a 4 or 5. An additional 5 F1 
seedlings were identified as susceptible (disease score of 5), and a further 4 F1 seedlings were given a 
rating of 3. The remaining 59 F1 seedlings maintained a disease score of 1 or 2. The highest disease 
score (most susceptible reaction) observed for each WA272 x D F1 seedling in either inoculation was 
the final score assigned to that plant. The F1 population contained 51% resistant plants, scoring plants 
with final rating of 1, 2 and 3 as resistant, and 4 and 5 as susceptible (refer to Figure 3.1). Clone D is 
not known to possess any genes conferring resistance to P. medicaginis (Musial et al. 2005), and the 
findings of this experiment for clone D are consistent with previous reports. No disease escapes were 
observed in the S1 population of clone D after the second inoculation and the low level of variation of 
disease reactions observed within re-inoculated F1 individuals indicate that the cotyledon inoculation 
experiment was effective in accurately phenotyping the population. 
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Figure 3.1 Distribution of cotyledon reaction to P. medicaginis isolate UQ5953 in the WA272 x D population. Vertical 
arrow and horizontal bar indicate mean disease rating and standard deviation respectively of D  seedlings (n=52).  
3.3.2 Soil infestation with P. medicaginis mycelia 
Each clonal propagule of D and WA272 consistently produced susceptible and resistant reactions 
(disease scores of 4 or 5 and 1 respectively). The mapping population segregated for mature root 
reactions from highly resistant (disease score of 1) to highly susceptible (disease score of 5). 
Independent assessment of each individual of the mapping population identified 67 individuals which 
gave a resistant reaction for both propagules (disease rating of 1, 2 or 3).  
 
The 67 F1 individuals which gave a resistant reaction were re-inoculated (two new clonal propagules) 
and assessed for disease reaction in the second inoculation. The three new propagules of D and WA272 
produced susceptible and resistant reactions respectively (disease scores of 4–5 and 1) following the 
second inoculation. Both propagules of each re-inoculated F1 genotype were assessed as before, 
assigning the most susceptible reaction observed in either propagule as the final score for that plant. A 
relatively low number (n = 7) of disease escapes was detected. Four individuals previously scored as a 
1 or 2 produced a susceptible reaction (disease score of 4 or 5). One individual with a score of 2 
produced a disease score of 3. Two individuals with a disease rating of 3 produced a susceptible 
reaction when re-inoculated; the remaining 57 individuals produced a resistant reaction (disease score 
of 1, 2 or 3). The highest disease score (most susceptible reaction) observed for each WA272 x D F1 in 
either inoculation was the final phenotype assigned to that plant The population segregated with 62.5% 
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susceptible and 37.5% of plants resistant when scoring plants with final rating of 1, 2 and 3 as resistant, 
and 4 and 5 as susceptible (refer to Figure 3.2 and Figure 3.3).  
 
Phenotypic characterisation of D, WA272 and the mapping population for root disease severity was 
performed concurrently with the root reaction assessment. Assessments were performed on the same 
clonal propagules that were used in both the first and second soil inoculations as described above, 
classifying plants with a root severity score of 1–4 as resistant and a score of 5–10 as susceptible. Each 
clonal propagule of D and WA272 was assessed for root disease severity, and consistently produced 
susceptible (disease score of 8–10) and resistant (disease score of 1) reactions, respectively in the first 
and second soil inoculations (refer to Figure 3.2). The final root severity phenotype assigned to each 
individual of the mapping population was the highest (most susceptible) score observed on either 
replicate cutting in the first or second soil infestation experiment. Scoring plants with a root severity 
score of 1–4 as resistant and 5–10 as susceptible identified 57% of the mapping population as resistant 
(refer to Figure 3.2). 
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Figure 3.2 Phenotypic characterisation of A: mature root reaction B: disease severity and C: leaf chlorosis in the WA272 x D 
population after soil infestation with P. medicaginis. The most susceptible response observed for each individual was the final score 
assigned to that plant. Vertical arrows and horizontal bar indicate mean disease rating and standard deviation of D and WA272 clonal 
propagules, respectively (n=8). The standard deviation of WA272 propagules in the root reaction and root severity assessments was 0.  
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The leaf chlorosis phenotype was assessed on the same clonal propagules as the root reaction and root 
disease severity assessments. The same clonal propagules that were used in both the first and second 
soil inoculations as described above were assessed for leaf chlorosis, classifying plants with a score of 
1 as resistant and a score of 2 or 3 as susceptible. Clone D propagules consistently produced a 
susceptible leaf reaction (score of 2 or 3). Propagules of WA272 gave resistant and moderately 
susceptible leaf chlorosis reactions (disease scores of 1 or 2) (refer to Figure 3.2). The final leaf 
chlorosis phenotype assigned to each individual of the mapping population was the highest (most 
susceptible) disease score observed on either replicate cutting in the first or second soil infestation 
experiment. An excess of susceptible plants were identified in the population, with 33% of the 
population identified as resistant when scoring plants with a leaf chlorosis score of 1 as resistant and 2 
and 3 as susceptible (refer to Figure 3.2).  
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Figure 3.3 Mature root reaction of lucerne genotypes WA272 and D to P. medicaginis.  A. Clonal propagules of WA272 and D prepared for phenotyping 21 d post soil infestation with 
P. medicaginis mycelia and B: root reaction of D and WA272 propagules at 21 d post soil infestation. Characteristic tan-coloured lesions are present on almost the entire root stem of the D 
propagule, but are absent from WA272. 
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3.3.3 Reaction following stem injection with P. medicaginis mycelia 
The resistant parent of the mapping population, WA272, produced a stem response to P. medicaginis 
inoculation that was intermediate. Necrotic runner lesions (lesions which showed considerable 
expansion before being arrested) with disease ratings between 2 and 3 (designated 2.5) were produced 
consistently in each stem inoculated. Propagules of D consistently produced a susceptible reaction. The 
population segregated for an excess of susceptible plants when inoculated with P. medicaginis mycelia, 
with 41% identified as resistant when scoring plants with a disease score of 1 or 2 as resistant, and 3 
and 4 as susceptible (refer to Figure 3.4). Stem resistance to P. medicaginis was a poor indicator of root 
reaction in the F1 population. Almost one third (30%) of plants showing a resistant stem reaction 
(disease severity index (DSI) of 1 or 2) produced a susceptible root reaction (DSI of 1, 2 or 3) when 
inoculated with P. medicaginis. A susceptible stem reaction was a more reliable indicator of a 
susceptible root reaction, with 73% of F1 individuals with a susceptible stem reaction also producing a 
susceptible root reaction when inoculated with P. medicaginis. 
 
Figure 3.4 Distribution of stem reaction to P. medicaginis in the WA272 x D population. Vertical arrows indicate mean disease 
ratings of WA272 and D clonal propagules. The standard deviation of WA272 stems was 0. 
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Figure 3.5 Correlations between root reaction, cotyledon reaction and root severity assessments of P. medicaginis resistance in the 
WA272 x D F1 population. Numbers within a circle indicate plants resistant as determined by the particular assessment method; only 
individuals with a full dataset (three assessments) were included in this analysis.  
 
3.3.4 Comparison of phenotyping methods 
The disease reaction phenotype assigned to each individual of the WA272 x D mapping population was 
dependent on the P. medicaginis inoculation and assessment method employed in each experiment. The 
highest level of concordance between methods was observed between root reaction and root disease 
severity (r = 0.746, P <0.001) (Figure 3.5). Highly significant correlations were also observed between 
root severity and cotyledon reaction phenotypes (r = 0.406, P <0.001), and cotyledon reaction and root 
reaction scores (r = 0.337, P <0.001). Significant correlations were not observed between the stem 
reaction and leaf chlorosis phenotypes and any of the root reaction, root disease severity and cotyledon 
reaction phenotypes. WA272 x D F1 plants with a resistant root reaction (score of 1, 2 or 3) gave an 
average root disease severity and cotyledon reaction scores that were within the resistant classification 
for that phenotyping method (Table 3.6).  
 
The average stem DSI ranged from moderately resistant to susceptible across both the resistant and 
susceptible root reaction scores, indicating the stem injection phenotyping method was a poor indicator 
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of root reaction to P. medicaginis in this population (Table 3.6). The leaf chlorosis phenotype displayed 
a similar trend to the stem injection phenotype. The average leaf chlorosis score increased with root 
reaction score, although the leaf chlorosis scores were within the susceptible range (>1) across all five 
root reaction scores. Many plants with highly susceptible root reactions showed little or no leaf 
chlorosis at the time of assessment (data not shown).  
 
 
Table 3.6 Relationship between disease ratings in the WA272 x D mapping population across the five phenotyping methods 
employed. 
Mature root 
reaction 
score 
No. F1 
plants/root 
DSI class 
Mean cotyledon 
DSI
A
 ± SD 
Mean root 
disease
A
 
severity ± SD 
Mean stem 
DSI
A
 ± SD 
Mean chlorotic 
leaf DSI
A
 ± SD 
1 16 2.3 ± 1.5 1.1 ± 0.3 2.6 ± 1.0 1.3 ± 0.5 
2 20 2.3 ± 1.3 2.1 ± 0.8 2.7 ± 1.0 1.7 ± 0.7 
3 26 2.8 ± 1.4 2.8 ± 1.0 2.9 ± 1.1 1.9 ± 0.7 
4 81 3.1 ± 1.6 5.1 ± 2.0 2.8 ± 1.0 2.2 ± 0.8 
5 22 3.9 ± 1.5 8.6 ± 2.3 3.0 ± 0.9 2.6 ± 0.7 
A The average phenotype score (± SD) was calculated for all WA272 x D F1
 plants falling within the corresponding root reaction class for 
each phenotyping method. DSI = disease severity index. 
 
3.3.5 Mendelian inheritance of resistance to P. medicaginis in the WA272 x D F1 population 
based on cotyledon, root reaction, root severity, stem reaction and leaf chlorosis 
phenotypes 
Segregation ratios for resistance to susceptibility within the F1 population varied for each phenotyping 
method employed. The data obtained were assessed using possible genotypes of the resistant parent 
WA272, and a proposed genotype of nulliplex at the corresponding loci in clone D. The observed ratios 
were assessed for fit to both a single, dominant locus model and to the 2 locus model described in 
Section 3.1 above. The 2 locus model describes the resistance identified by Irwin et al. (1981a) in 
which the resistance is only expressed when two incompletely dominant, independently segregating, 
complementary genes (Pm1/Pm2) are present at a dosage of at least simplex at one locus and duplex at 
the second (Table 3.7). The ratios calculated in this table were based on the assumption of random 
chromosome assortment. The second model for inheritance for P. medicaginis resistance involving the 
loci Pm5/Pm6 identified by Irwin et al. (1981b) was not examined. This is because a proposed genotype 
for WA272 of simplex at each of the two loci would result in an excess of resistant progeny in a ratio 
of 3:1 when crossed with clone D. The ratio of resistant:susceptible progeny increases at duplex and 
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higher gene dosages (data not shown) at either locus and is not consistent with the segregations 
observed. The Pm1/Pm2 two-loci model at a triplex:duplex gene dosage for WA272 (P >0.05) could not 
be rejected on the basis of the observed segregation ratios for the cotyledon reaction and root severity 
phenotypes in the F1 population (Table 3.8). The segregation ratio for a single gene Pm, at a simplex 
dose for the root severity phenotype also could not be rejected at P >0.05. Segregation of the root 
reaction, stem reaction and leaf chlorosis phenotypes did not fit either single or 2 locus models at P 
>0.05. A larger population than the one developed in this study (n = 165) is necessary to critically test 
the two locus model. However a population size of 105 is adequate to detect a nulliplex in the 
segregation of a duplex genotype, where a 35:1 ratio is expected (Hanson and Kehr 1972). 
 
Table 3.7 Proposed gentoypes for a two-locus model conferring resistance to P. medicaginis. 
Proposed genotype Disease classification 
Pm1pm1pm1pm1Pm2Pm2pm2pm2,  Pm1pm1pm1pm1Pm2Pm2Pm2pm2, 
Pm1pm1pm1pm1Pm2Pm2Pm2Pm2,  Pm1Pm1pm1pm1Pm2pm2pm2pm2, 
Pm1Pm1pm1pm1Pm2Pm2pm2pm2,  Pm1Pm1pm1pm1Pm2Pm2Pm2pm2, 
Pm1Pm1pm1pm1Pm2Pm2Pm2Pm2,  Pm1Pm1Pm1pm1Pm2pm2pm2pm2, 
Pm1Pm1Pm1pm1Pm2Pm2pm2pm2,  Pm1Pm1Pm1pm1Pm2Pm2Pm2pm2, 
Pm1Pm1Pm1pm1Pm2Pm2Pm2Pm2,  Pm1Pm1Pm1Pm1Pm2pm2pm2pm2, 
Pm1Pm1Pm1Pm1Pm2Pm2pm2pm2,  Pm1Pm1Pm1Pm1Pm2Pm2Pm2pm2, 
Pm1Pm1Pm1Pm1Pm2Pm2Pm2Pm2. 
1, 2 and 3 (resistant) 
pm1pm1pm1pm1pm2pm2pm2pm2,  pm1pm1pm1pm1Pm2pm2pm2pm2, 
pm1pm1pm1pm1Pm2Pm2pm2pm2,  pm1pm1pm1pm1Pm2Pm2Pm2pm2, 
pm1pm1pm1pm1Pm2Pm2Pm2Pm2,  Pm1pm1pm1pm1pm2pm2pm2pm2, 
Pm1pm1pm1pm1Pm2pm2pm2pm2,  Pm1Pm1pm1pm1pm2pm2pm2pm2, 
Pm1Pm1Pm1pm1pm2pm2pm2pm2,  Pm1Pm1Pm1Pm1pm2pm2pm2pm2. 
4 and 5 (susceptible) 
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Table 3.8 Segregation for disease reaction to P. medicaginis in the WA272 x D F1 population across root, cotyledon and stem infection courts. 
 
Observed ratio 
Expected ratioa 
WA272 x D F1 population phenotype 
Cotyledon reaction Root reaction Root severity Leaf chlorosis Stem reaction 
2-locus model for WA272 genotype R : S R:S χ
 2
 P R:S χ
 2
 P R:S χ
 2
 P R:S χ
 2
 P R:S χ
 2
 P 
Pm1Pm1pm1pm1Pm2pm2pm2pm2 or 
Pm1pm1pm1pm1Pm2Pm2pm2pm2,   
1 : 11 102:63 617.0 <0.001 62:103 185.0 <0.001 92:69 502.0 <0.001 53:110 125.0 <0.001 66:95 225.0 <0.001 
Pm1Pm1pm1pm1Pm2Pm2pm2pm2, 
7 : 29 102:63 189.0 <0.001 62:103 35.0 <0.001 92:69 146.0 <0.001 53:110 17.78 <0.001 66:95 48.0 <0.001 
Pm1pm1pm1pm1Pm2Pm2Pm2pm2, or 
Pm1Pm1Pm1pm1Pm2pm2pm2pm2, 
1 : 3 102:63 119.0 <0.001 62:103 13.9 <0.001 92:69 89.0 <0.001 53:110 4.91 0.026 66:95 21.965 <0.001 
Pm1Pm1pm1pm1Pm2Pm2Pm2pm2, or 
Pm1Pm1Pm1pm1Pm2Pm2pm2pm2 
9 : 5 102:63 0.437 0.508 62:103 51.0 <0.001 92:69 3.578 0.059 53:110 72.0 <0.001 66:95 38.0 <0.001 
single-locus model for WA272 genotype                 
Pm pm pm pm 
1 : 1 102:63 9.218 0.002 62:103 10.2 0.001 92:69 3.286 0.07 53:110 20.0 <0.001 66:95 5.224 0.0222 
Pm Pm pm pm 
5 : 1 102:63 55.0 <0.001 62:103 249.0 <0.001 92:69 80.0 <0.001 53:110 303.0 <0.001 66:95 68.6 <0.001 
a 
The genotype of the susceptible parent, D, is proposed to be nulliplex at the two loci. Ho: There is no association between the expected segregation ratio and the 
observed segregation ratio. Ha: There is an association between the observed and expected segregation ratios. χ
 2
 and P values in bold type indicated segregation ratios 
for which the alternate hypothesis cannot be rejected. 
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3.4 Discussion 
Phenotypic data for P. medicaginis reaction in the tetraploid WA272 x D F1 population was 
generated across root, cotyledon and stem infection courts with five assessment methods. This is the 
first time that all of these phenotyping methods involving different infection courts have been 
studied on the same individuals in a segregating population. Previous studies have identified 
correlations between S0 clones for Phytophthora reaction phenotypes, but not on the same 
individuals. The strongest correlations were identified among root reaction, cotyledon reaction and 
root severity phenotypes in the WA272 x D F1 population. The segregation ratios observed for the 
cotyledon reaction and root severity phenotypes fitted the 2 complementary, independently 
segregating gene model (χ2 0.437 and 3.578, respectively P >0.05), at a dosage of triplex at one 
locus and duplex at the second locus. Segregation of the F1 population for the root severity 
phenotype fitted a single gene model with a simplex gene dosage (χ 2 = 3.286, P >0.05). Neither of 
these hypotheses can be rejected on the basis of the observed segregations, with the best fit being 
for the cotyledon reaction. The segregation ratios observed for root reaction, stem reaction and leaf 
chlorosis phenotypes did not fit either 1 or 2 gene models at the P >0.05 significance level. It was 
not possible to obtain segregation data for a S1 population of the resistant parent WA272 as it was 
largely self-incompatible. It is possible that the same genetic mechanisms are operating in the 
cotyledon and root systems, as they both fit the two gene model proposed. However, a larger F1 
population size than the one developed would be necessary to critically test this model. 
 
To preserve susceptible plants and to provide sample replication, stem cuttings of WA272 x D F1 
individuals were used in the root inoculation experiments. Susceptible seed parent plants would 
otherwise have been lost upon inoculation with P. medicaginis. The root-reaction classification used 
to phenotype the mapping population has been used in previous studies (Havey et al. 1987; Irwin et 
al. 1981b; Musial et al. 2005) and therefore direct comparisons can be made. The root reaction 
classification system was initially devised to assess the reaction to P. medicaginis of lucerne plants 
which have grown from a seed, thus having a well-developed tap root (Frosheiser and Barnes 1973; 
Irwin et al. 1979). A tap root is not formed in plants generated by stem cuttings. Instead, stem 
cuttings develop a root system with numerous secondary roots which grow from a callus formed at 
the end of the stem. These differences in root architecture between seed derived plants and cuttings 
could provide a basis for differences in reaction type scores made on cuttings to those on plants 
grown from seed, as reported by Irwin et al (1981b) and Havey et al. (1987). However, the use of 
cuttings allowed replication which was not possible with seed grown plants, and minimisation of 
disease escapes through the ability to re-inoculate. 
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The proportion of chlorotic leaves in M. truncatula seedlings grown in pure sand and inoculated 
with zoospores of P. medicaginis was assessed by the method of D’Souza (2009). By using the 
same phenotyping methods in M. truncatula and M. sativa populations segregating for P. 
medicaginis resistance, it should be possible to undertake comparative mapping and genome 
synteny comparisons at QTL for P. medicaginis resistance. The method employed in the M. 
truncatula study was adapted to assess the leaf chlorosis phenotype in the WA272 x D M. sativa 
mapping population. Use of the method without adaptation was not possible due to the outcrossing 
nature of M. sativa. It was necessary to clonally propagate stem cuttings of each WA272 x D F1 
plant and inoculate established root systems, instead of inoculating F2 and F3 seedlings of M. 
truncatula. The plant age required to produce an adequate root system for Phytophthora inoculation 
in M. sativa cuttings necessitated the use of potting mix instead of sand to ensure plant vigour, and 
mycelia as inoculum instead of zoospores. Concurrent assessment of the mature root reaction, 
disease severity and leaf chlorosis phenotypes identified a number of F1 plants without obvious leaf 
chlorosis in either replicate, but with highly susceptible (DSI 4 or 5) lesions on the roots (data not 
shown). Based on this observation, and a susceptible average leaf chlorosis score (>1) across all 
five root reaction scores (Table 3.6), the leaf chlorosis phenotyping method is a poor indicator of 
root reaction in the WA272 x D M. sativa population. 
 
The poor fit between the stem reaction phenotype and the cotyledon, root reaction and root severity 
phenotypes in the WA272 x D F1 population could be attributed to the intermediate response 
observed in WA272 (DSI of 2.5). The intermediate response observed was unexpected, due to the 
highly resistant cotyledon and root reactions produced by this plant. Parent D produced a 
susceptible reaction, which is consistent with previous research using this genotype (Irwin et al. 
2003; Musial et al. 2005).  Irwin and Maxwell (1980) observed high correlations between mature 
root and stem reaction (r = 0.82) in S0 plants. A lower correlation was observed in an R x S cross (r 
= 0.59) in the same study, indicating possible genetic complexity of inheritance to stem reaction. 
Despite the high correlation between root and stem reactions in S0 plants, the authors identified a 
number of plants with resistant stem reaction scores but highly susceptible root reaction scores 
(Irwin et al. 1980b). Since the misidentification of resistant plants as susceptible is undesirable in 
breeding for P. medicaginis resistance, stem injection was suggested to be a useful method only for 
the detection of highly susceptible plants. The results obtained in this work are consistent with the 
findings of Irwin et al. (1980), identifying a high frequency of WA272 x D F1 individuals (30%) 
with a resistant stem response, but which produced a susceptible root reaction. In addition to the 
mis-identification of plants with a susceptible root reaction, approximately one quarter of F1 
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individuals that produced a susceptible stem response gave a resistant root reaction. The low level 
of concordance suggests that at least some of the genetic determinants which confer resistance to P. 
medicaginis in the stem are different to those in the root systems. 
 
The response of lucerne plants to P. medicaginis is influenced by both inoculum level and 
temperature (Irwin et al. 1997b). The inoculum levels used in the WA272 x D phenotyping 
experiments were comparable to those in studies utilising both lucerne seed parent derived plants 
and stem cuttings subject to soil infestation with P. medicaginis (Irwin and Maxwell 1980; Irwin et 
al. 1980b), zoospore inoculation of cotyledons (Irwin et al. 2003) and stem inoculation with P. 
medicaginis mycelia (Irwin et al. 1980b). The experiments were conducted in a controlled 
temperature range of 18-23
0
C, which is conducive to disease progression in the aforementioned 
disease courts (Irwin et al. 1997b; Irwin et al. 2003). 
 
The significant correlation observed between root and cotyledon reaction to P. medicaginis in this 
study is consistent with the findings of Pratt et al. (1975) and Irwin et al. (2003). In the WA272 x D 
F1 population, a correlation of 0.337 was identified between root reaction and cotyledon reaction to 
P. medicaginis. Pratt et al. (1975), working at the cultivar level, not at the individual plant level, 
reported correlations of 0.78 and 0.8 between tap and lateral root reactions and cotyledon reaction, 
respectively in tetraploid lucerne. A stronger correlation (r = 0.746) was observed between root 
disease severity and cotyledon reaction than the root and cotyledon reactions in this study. The 
differences in root architecture between seed derived plants and cuttings could provide a basis for 
the different correlations observed in this study. Working at the individual S0 plant level, Irwin et al. 
(2003) also found that the cotyledon reaction was a reliable indicator of root reaction. Using the 
same rating systems as the work presented here, but classifying plants with root and cotyledon 
scores of 3 as susceptible, Irwin et al. (2003) found that 77% of plants with resistant cotyledons 
gave a resistant root reaction, and 90% of plants with susceptible cotyledons gave a susceptible root 
reaction. In this study 55% of F1 individuals with resistant cotyledons gave a resistant root reaction, 
and 73% of plants with susceptible cotyledons gave susceptible root reaction when classifying 
plants with root and cotyledon reaction scores of 3 as resistant. The classification of plants with a 
root reaction of 3 as resistant in this study is justified because the average cotyledon reaction and 
root severity scores of these plants is within the resistant range (refer to Chapter 3.3.4). It is possible 
that there may be differential expression of the genetic determinants of resistance between roots and 
cotyledons, or that modifying genes needed for expression of resistance in one plant organ may not 
be expressed in another organ. Quantitatively inherited factors which influence the expression of 
root resistance have been identified in numerous previous inheritance studies, and may influence the 
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expression of resistance in this population (Havey et al. 1987; Irwin et al. 1981b; Musial et al. 
2005).  
 
Inheritance patterns for root reaction to P. medicaginis differ according to the genetic background 
of the lucerne clones used in each study (Havey et al. 1987; Irwin et al. 1981b; Musial et al. 2005). 
It is expected that the genetic background that it is likely to have been shared between the material 
used in this study and the clone M193 used in Havey et al. (1987) and Irwin et al. (1981b) predicate 
further elucidation of the genetic basis for the inheritance of resistance to P. medicaginis. The work 
undertaken in Chapter 5 was conducted to identify if the same, or different loci confer resistance to 
P. medicaginis in lucerne cotyledons and roots in this population, and whether two complementary 
dominant genes condition resistant responses.  
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Chapter 4 Identification of molecular markers linked to P. medicaginis 
resistance in the tetraploid M. sativa mapping population  
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4.1 Introduction 
In controlled plant populations, classical quantitative genetics can be used to estimate genetic, 
environmental effects and genotype x environment contributions to an observed phenotype. The 
number of loci involved in a phenotype, the action of the loci on the phenotype and the heritability 
of the trait can also be estimated (Young 1996). With the inclusion of genomic information (namely 
molecular markers) on individuals from the population under investigation, it is possible to identify 
marker-trait associations and to ultimately determine the chromosomal location and contribution of 
each locus to the phenotype through quantitative trait loci (QTL) mapping (Tanksley 1993; Young 
1996). Furthermore, with molecular markers, potential epistatic interactions can be detected 
between particular marker genotypes. Epistatic interactions are known to be important contributors 
to trait expression in lucerne (Bingham 1998; Brummer 1999). Genetic linkage maps provide a 
useful tool for locating QTL onto chromosome regions, and through the use of common molecular 
markers, comparative genomics. It is possible to dissect the genetic architecture of the metrical trait 
under investigation by developing genetic linkage maps from molecular markers, and identifying 
the contribution of QTLs and the effects of epistatic interaction on the observed phenotype.. 
  
Many target traits important for Medicago sativa cultivar improvement including pathogen 
resistance have been demonstrated to display polygenic inheritance and are affected by multiple 
genetic and environmental interactions (Brouwer and Osborn 1999; Mackie et al. 2005; Musial et 
al. 2005, 2006, 2007; Narasimhamoorthy et al. 2007; Robins et al. 2007a, 2007b, 2008). In M. 
sativa cultivars, additional genetic complexity arises due to the population structure. For the reasons 
outlined in earlier sections (Chapter 2) lucerne cultivars usually consist of a population of 
genetically distinct individuals (Busbice 1969; Irwin et al. 2001; Stanford 1951). Consequently, it is 
possible that the numerous distinct germplasm sources used in cultivar development (Brummer 
1999) could separately provide loci, each displaying tetrasomic inheritance, contributing to P. 
medicaginis resistance in the cultivar.  
 
Numerous loci in M. sativa conferring resistance to P. medicaginis have been identified from 
genetic backgrounds specific to each investigation. In all but the most recent (Musial et al. 2005), 
these studies have relied on segregation patterns, without molecular marker data, to determine the 
number and mode of action of each of the loci conferring resistance. The earlier inheritance studies 
in lucerne have identified both independent and interacting loci conferring P. medicaginis resistance 
with varying degrees of dominance, using diploid and tetraploid lucerne germplasm (discussed in 
detail in Sections 2.5 and 3.1) (Havey and Maxwell 1987; Havey et al. 1987; Irwin et al. 1981a, 
1981b; Lu et al. 1973). The study by Musial et al. (2005) developed a linkage map (W116 map) 
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which identified quantitative trait loci (QTL) for partial resistance to P. medicaginis in an 
autotetraploid backcross population using anonymous amplified fragment length polymorphism 
(AFLP) and random amplified polymorphic DNA (RAPD) markers. QTLs were identified on three 
linkage groups and explained 6 – 15% of the phenotypic variation. However, the chromosomal 
location of the loci identified in all of the aforementioned inheritance studies, and the location of the 
small effect QTL in the previous mapping study remains unresolved in any of the genetic 
backgrounds investigated.  
 
The molecular genetics and genomic tools developed for lucerne research and breeding are limited 
compared to crop species for which complete genome sequences are available. No M. sativa genome 
sequence was available at the time the experiments in this Thesis were undertaken and thus the 
molecular markers used for genetic investigations to date are those which require little or no a priori 
knowledge of the genome sequence. These markers include PCR-based codominant SSR and less 
frequently used AFLP and RFLP markers (Brouwer and Osborn 1999; Brummer et al. 1993; Julier et 
al. 2003; Kiss et al. 1993; Musial et al. 2007). Common restriction fragment length polymorphism 
(RFLP) clones were used in a number of early studies and allowed identification of homologous 
linkage groups across populations (Barcaccia et al. 2000; Brouwer et al. 2000; Brummer et al. 1993; 
Echt et al. 1994; Kiss et al. 1993; Tavoletti et al. 1996; Yu and Pauls 1993). However, their use was 
generally limited to the identification of a locus and not specific alleles at a locus. The most recent 
mapping studies in lucerne utilised SSR markers which have been developed from M. sativa 
expressed sequence tag (EST) libraries, or from the Medicago truncatula genome sequence 
(Brouwer et al. 2000; Diwan et al. 2000; Julier et al. 2003; Mackie et al. 2007; Musial et al. 2005, 
2006; Narasimhamoorthy et al. 2007; Robins et al. 2007a, 2007b, 2008 Sledge et al. 2005). Markers 
anchored to the genomic sequence will provide a basis for the transfer of information about loci 
between maps and allow for comparative genome studies. Furthermore, by saturation of a region of 
interest with tightly linked markers, or with makers surrounding characterised genes from model 
plant systems, functional markers may be developed based on sequence motifs derived from the 
identification of candidate gene(s) (Andersen and Lubberstedt 2003; Choi et al. 2004a. 2004b). 
Genome wide association arrays utilising high-density chips to detect single nucleotide 
polymorphisms, or hybridisation arrays had not been developed for M. sativa at the time this research 
was undertaken.  
 
The WA272 x D lucerne genetic linkage map developed in this work was based on both the 
available molecular marker technology for M. sativa and recent findings in the closely related 
model legume, M. truncatula. Large effect QTL for P. medicaginis resistance have recently been 
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identified in the model legume M. truncatula. Using SSR markers, D’Souza (2009) recently 
identified in M. truncatula two major QTL for P. medicaginis resistance residing on chromosomes 
2 and 6. The QTLs explained up to 69% of the phenotypic variation  (D'Souza 2009). The 
phenotyping described in Chapter 3 sought to use the same leaf chlorosis assessment method as 
employed by D’Souza so that direct comparisons could be made between QTL locations in the two 
maps, albeit developed in different Medicago ssp. However, this method was a poor indicator of 
root response in the WA272 x D M. sativa population because the leaf chlorosis scores were within 
the susceptible range across both resistant and susceptible root reaction scores (Section 4.3.2). 
Instead, the root severity, root reaction and cotyledon reaction phenotypic data will be used because 
of the increased reliability. The high degree of synteny between M. sativa and M. truncatula 
genomes has been established (Choi et al. 2004a), and a number of mapping studies have 
demonstrated that molecular markers developed in one species will map to the corresponding 
chromosomal position in the other (Choi et al. 2004b; Julier et al. 2003; Mackie et al. 2007; Musial 
et al. 2007). Therefore, it is possible that M. sativa will harbour resistance loci to P. medicaginis in 
the same chromosomal locations as identified in M. truncatula.  
 
The research undertaken in this chapter seeks to determine for the first time the chromosomal 
location of loci conferring resistance to P. medicaginis in M. sativa using the phenotyped WA272 x 
D mapping population described in Chapter 3. The location of P. medicaginis resistance loci in this 
population will be determined using molecular markers anchored to existing physical or genetic 
maps of M. sativa and the closely related model legume M. truncatula. The marker data obtained 
will be used to identify both single marker-trait associations, and to build a linkage map to facilitate 
interval QTL analysis. The use of molecular markers of known chromosomal location to map QTL 
in this population will allow integration of results from this study with the research undertaken in 
Chapter 6. Aligning the previously developed genetic linkage map (W116 map, Table 2.3) 
identifying partial resistance to P. medicaginis to the WA272 x D map described here will allow 
comparison of the location of genomic regions conferring resistance in two different lucerne genetic 
backgrounds. Identification of the genomic location of QTL conferring resistance to P. medicaginis 
in these populations is an important step towards cataloguing the diversity of resistance loci and 
alleles present in the M. sativa ssp. complex. Importantly, due to the extensive synteny shared 
between M. sativa and M. truncatula, it will be possible to align any QTL identified in this study 
with the annotated M. truncatula genome assembly and other related leguminous species. The 
information sought in this work will potentially allow isolation and cloning of candidate genes in 
ensuing research outside the scope of this report. 
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The hypothesis to be tested here is that the number and genomic location of loci conferring 
resistance to P. medicaginis can be determined in the autotetraploid WA272 x D mapping 
population using molecular markers anchored to existing Medicago ssp. genetic and physical maps. 
The aims of this research were to identify molecular markers associated with P. medicaginis 
reaction in the mapping population, to develop a genetic linkage map of both WA272 and D, and to 
determine the location of QTLs associated with P. medicaginis resistance using SSR markers of 
known chromosomal location. SSR markers flanking resistance QTL will be evaluated for their 
potential as breeding tools in Chapter 5. 
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4.2 Methods 
4.2.1 Genomic DNA extraction 
Leaf material for DNA extraction was harvested from WA272 and D, WA272 x D F1 plants 
growing in a naturally illuminated glasshouse as previously described. A total of 171 F1 plants 
survived the cotyledon inoculation experiment and were available for molecular analysis, of which 
165 were subject to mature root inoculation. The method employed by Musial et al. (2005) was 
modified for DNA extraction from fresh instead of freeze-dried leaf material. Fully expanded leaves 
totalling approximately 2.0 cm
2
, typically 1–2 leaves, were ground in 400 µl of extraction buffer 
(100 mM TRIS-HCL pH 8.5, 100 mM NaC1, 50 mM EDTA pH 8.0, and 2% SDS) in 1.5 mL tubes 
using a sterilised micropestle. Tubes were incubated for 1 h at 65
0
C, and were inverted every 15 
minutes. One volume (400 µL) of phenol:chloroform was added and mixed by inverting several 
times. The mixture was centrifuged at 13,000 g for 15 minutes and the supernatant transferred to a 
fresh tube. A second extraction was performed using one volume (400 µL) of chloroform before 
mixing and centrifugation as before. The supernatant was transferred to a new tube and 2 volumes 
(800 µL) of 100% ethanol chilled to -20
0
C were added. The mixture was centrifuged at 13,000 g for 
15 minutes, the supernatant removed and pellets were air dried. Nucleic acid was resuspended in 
400 µL of 1x TE (Tris-EDTA). RNA was removed by digestion with 1 mg/ml RNAse A at 37
0
C for 
30 minutes, followed by inactivation at 72
0
C for 10 minutes. Genomic DNA concentrations were 
measured on an Eppendorf Biophotometer. 
 
4.2.2 PCR conditions 
PCR amplification of microsatellite markers was carried out in 10 µL reactions on 50 ng genomic 
DNA template using the standard protocol described in Nelson et al. (2006), with marker-specific 
annealing temperatures (Nelson et al. 2006). Some markers required a touchdown PCR protocol, 
utilising a decreasing temperature of 1
0
C/cycle from 59
0
C to the marker specific annealing 
temperature. PCR products were resolved on 2.5–3.5% agarose gels (Bioline) stained with ethidium 
bromide (Sigma) and visualised under ultraviolet light. 
 
4.2.3 Identification of molecular markers  
Candidate SSR markers originating from published M. sativa genetic linkage maps or M. truncatula 
genetic linkage and physical maps were acquired from several sources (Gutierrez et al. 2005; Julier 
et al. 2003; Mun et al. 2006; Musial et al. 2007; Robins et al. 2007a) (Table 4.2, Appendix 1). 
Additional markers were designed from M. truncatula genomic sequences to increase marker 
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density for linkage groups 2 and 6 (Table 4.2). Markers were designed by selecting M. truncatula 
BAC clones along each linkage group (www.medicagohapmap.org/) and submitting the BAC 
sequences for SSR detection using the SSRit tool (Temnykh et al. 2001). The search parameters 
used were motif length group (tetramer), with a minimum number of repeats of five. Primer3 
software was used to design primers to produce 100–350bp amplicons spanning the repeat motif 
using the using the default settings, and an optimum annealing temperature of 55
0
C (Rozen and 
Skaletsky 2003). The resistance gene analog (RGA) markers originate from the work undertaken in 
Appendix 2, with further details on the development of these markers therein. 
 
SSR markers were screened for ability to amplify clear and polymorphic amplicon(s) from the M. 
sativa parental plants WA272 and D, and those which displayed length polymorphisms were used 
to genotype the WA272 x D population (Appendix 1). Screening of SSR markers for the W116 
population (Section 6.2.1) was undertaken concurrently. PCR amplification was carried out as 
described in Section 4.2. PCR products were resolved on 2.5–3.5% agarose gels (Bioline) stained 
with ethidium bromide (Sigma) and visualised under UV light. Gel images were manually scored 
for presence/absence of each amplicon, using the naming system described as follows. Allelic 
amplicons produced by the markers sourced from existing Medicago ssp. maps were named by 
appending _(allele number) to the original marker name. Where non-allelic amplicons (amplicon 50 bp 
larger or smaller than expected size) were scored, the number was appended to the marker name 
without an underscore. The name assigned to the BAC derived markers described above 
incorporated the BAC clone from which the repeat was identified, followed by sequential 
numbering of each primer pair chosen, and lastly the allele(s) produced (e.g. AC(6 digit BAC 
identifier)_(primer pair number)_(allele number)). 
 
A number of CAPS markers were obtained from the M. truncatula genetic map developed by Choi 
et al. (2004a). PCR amplification was carried out using the protocol described above, with marker 
specific annealing temperatures. Markers that displayed clear length polymorphisms were 
genotyped directly in the WA272 x D population using agarose gels as above. Markers producing 
clear, monomorphic amplicons from both WA272 and D were screened for restriction site 
polymorphism using the protocol described in Choi et al. (2004a) (Appendix 1). 
 
The PCR based RGAP primers developed from common bean RGAs were screened for the 
amplification of clear and polymorphic amplicons from WA272 and D DNA. The forward primers 
K01-K05 and reverse primers HD01-HD05 were paired to produce 25  different combinations (K01 
and HD01, K01 and HD02 ... K05 and HD05) (Mutlu et al. 2006). PCR reactions were carried out 
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as described in Mutlu et al. (2006), using a 10 µL total reaction volume. PCR products were 
resolved on 1.2% agarose gels stained with ethidium bromide as described above. 
 
A candidate gene approach was investigated for developing PCR markers for the development of 
molecular markers for use in the WA272 x D mapping population. This approach, described further 
in Appendix 2, produced the markers preceded by RGA in the WA272 x D map. 
 
4.2.4 QTL analysis of the WA272 x D population 
4.2.4.1 Identification of marker-trait associations 
Marker-trait associations in the WA272 x D mapping population were identified with the 
MapManager QTX2.0 program (Manly et al. 2001). Single marker-trait regressions were performed 
between all polymorphic markers and the root reaction, root severity and cotyledon reaction 
phenotypes. Many polymorphic markers could not be incorporated into the genetic maps due to 
segregation ratios outside those which could be input into TetraploidMap. The phenotype scores 
used for analyses were the final score (most susceptible disease score) obtained for each WA272 x 
D F1 as described in Sections 3.3.1 and 3.3.2. A significance level of P≤0.05 was used in each 
analysis.  
 
Further evaluation of markers associated with a susceptible disease score was undertaken to 
determine the marker linkage to phenotype. Markers could either be linked in coupling to a 
susceptibility allele, or linked in repulsion to a resistance allele. For each marker 2x2 contingency 
tables were generated to calculate chi square values for the tested marker linkage. For example, 
marker AC130811_1_2 inherited from D segregated in the ratios described in Table 4.1 below, and 
which deviate from an equal distribution of cotyledon reaction phenotypes across the marker phase. 
In the absence of the marker, an increased number of resistant over susceptible individuals was 
observed, indicating that the marker is linked in repulsion to a resistance allele, rather than in 
coupling with a susceptibility allele. The calculated chi square in this instance was 10.639 (P = 
0.0017). 
 
  
62 
 
Table 4.1 Segregation of marker AC130811_1_2 and cotyledon reaction phenotype of WA272 x D F1 individuals. 
  Marker allele 
   Present Absent 
C
o
ty
le
d
o
n
 
re
ac
ti
o
n
 
p
h
en
o
ty
p
e 
R 40 57 
S 42 20 
 
 
4.2.4.2 Genetic map construction  
The TetraploidMap program (Hackett and Luo 2003) was used to construct the linkage map and 
perform interval mapping in the WA272 x D population. Markers originating from all eight linkage 
groups, representing the basic set of eight M. sativa chromosomes, were examined in the analysis. 
Separate linkage groups, each comprising four cosegregation groups were generated for each 
parental chromosome where marker density permitted, thus a total of 32 cosegregation groups for 
each parent could be developed. The program was used to infer the parental dosage of each allele, 
identify the most likely parental genotype and to cluster markers into linkage groups. This process 
included alleles segregating at ratios of 1:1 (simplex), 3:1 (double simplex) and 5:1 (duplex). DNA 
amplicons from each marker were examined and uninformative alleles (segregating at ratios of 11:1 
and 35:1) were removed. Amplicons were considered allelic if the most likely genotype at a locus 
contained the alleles being evaluated. Alternatively, the fragments were considered to belong to 
duplicated loci and incorporated into linkage groups as separate markers. Each linkage group was 
generated by analysing the marker phase data from TetraploidMap (twopoint.out) and manually 
placing markers, or marker alleles, into cosegregation groups. The vast majority of alleles were 
placed into cosegregation groups based on coupling-phase linkages with a LOD >3.0. In a few 
instances, placement occurred with an LOD < 3.0 or was inferred from repulsion-phase linkages. 
Markers present in both parents and segregating at a ratio of 3:1, were excluded from interval 
mapping analyses, but were included in cosegregation groups to assist generation of consensus 
linkage groups. Marker ordering was performed using the ‘Ripple” and ‘Simulated Annealing’ 
options in TetraploidMap. Linkage map data was exported from TetraploidMap and drawn using 
Mapchart 2.2 (Voorrips 2002). Linkage group numbering corresponds to that of M. truncatula 
(Thoquet et al. 2002; Choi et al. 2004a). 
 
4.2.4.3 QTL interval mapping 
The QTL interval mapping function in the TetraploidMap program was used to perform QTL 
analyses using the most susceptible root reaction, root severity and cotyledon reaction phenotypes 
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obtained for each WA272 x D F1 individual as described previously (Chapter 3). The program was 
used to perform QTL interval mapping analyses for each trait using the marker phase data described 
above. The analysis used markers from one parent only and fitted six trait means corresponding to 
the six possible QTL genotypes, according to the four cosegregation groups inherited from that 
parent (chromosome combinations 1&2, 1&3, 1&4, 2&3, 2&4 and 3&4, with 1–4 representing the 
4 possible cosegregation groups). The program was then used to test whether any of 10 simpler 
models fits the trait data. The simple model either fitted a simplex allele (at cosegregation group 1–
4), or the remaining 6 models fitted a dominant duplex allele at the QTL. The likelihood of a trait 
was evaluated at 2cM intervals along the chromosome. Permutation tests, based on 1000 
permutations of the trait data, were performed to assess significance (Doerge and Churchill 1996). 
The average LOD scores of 10 permutation tests, equivalent to 1000 permutations, were used to 
generate LOD scores for 90 and 95% confidence intervals. QTL peaks above the 95% confidence 
intervals were considered significant. QTL trace graphs were exported and drawn alongside linkage 
groups in Mapchart 2.2 (Voorrips 2002). 
 
4.2.4.4 Interaction analysis 
To determine if epistasis was a significant factor in expression of Phytophthora resistance in the 
WA272 x D population, all simplex markers were tested for digenic linear x linear interactions. The 
MapManager QTX2.0 program (Manly et al. 2001) was used to perform the analysis. Markers were 
subject to two tests for significance, the first using a threshold of P≤ 10-5 for the total effect of the 
two loci to avoid detection of spurious interactions. Secondly, only interacting markers where both 
markers contributed main effects (additive or dominance effects) with a LOD score of >3 (data not 
shown) were selected. The second stage of marker exclusion may limit the detection of some 
interactions, but this criterion removed interacting pairs of markers where one marker drives the 
interaction, with little contribution from the second marker. 
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4.3 Results 
4.3.1 Map construction  
A partial linkage map covering 687 cM was developed for the mapping population (Figure 4.1). 
Composite linkage maps were developed for WA272 and D linkage groups 2, 5, 6 and 7, and partial 
linkage maps developed for linkage groups 4 and 8 (Figure 4.1). It was not possible to develop 
complete linkage maps for each homology group for both WA272 and D, despite extensive 
screening of previously mapped markers in M. sativa backgrounds. The composite map developed 
in this study, albeit incomplete, is most similar in length to the composite SSR maps developed by 
Julier et al. (2003) and Sledge et al. (2005) at 709 and 624 cM respectively, and a greater 
recombination length than the maps developed by Brouwer and Osborn (1999) (452 cM) and 
Robins et al. (2007a) (546 cM). The average marker density obtained in the WA272 x D map was 
5.5 cM/marker across linkage groups 2, 4, 5, 6, 7 and 8. This marker density is within the range 
obtained in other tetraploid lucerne linkage maps of 2.2–7.6 cM/marker (Sledge et al. 2005, Julier et 
al. 2003). Importantly, polymorphic markers were identified along each chromosome and these 
allowed a large proportion of the phenotypic variation to be detected (Section 4.3.2 below).  
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Figure 4.1 WA 272 and D composite linkage maps. 
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4.3.2 Marker identification 
Approximately 158 polymorphic SSR markers were identified, and used to genotype the 171 
individuals of the mapping population from a library of 460 markers. A total of 460 SSR, 43 CAPS, 
25 RGA primer pairs from P. vulgaris and 35 M. sativa RGA markers were screened for their 
ability to amplify clear and polymorphic amplicon(s) from the M. sativa parental plants WA272 and 
D (Table 4.2). Appendix 1 provides further detail on the markers screened, and Appendix 2 further 
details the M. sativa RGA marker development.  A large number of markers were identified which 
produced amplicons of the same size in both WA272 and D. A subset of these markers were used to 
genotype the population, but failed to segregate or segregated in uninformative ratios (11:1, or 35:1) 
for map construction (data not shown). This precluded further genotyping of the population with the 
remaining monomorpic markers identified (Table 4.2). Eleven CAPS markers produced distinct 
length polymorphisms following PCR amplification, enabling genotyping of the mapping 
population without restriction digestion. No CAPS markers subject to restriction digestion produced 
clear, polymorphic fragments.  
 
The level of segregation distortion observed in this population was 49%. This level is most similar 
compared to the previous tetraploid mapping populations to the levels found by Julier et al. (2003) 
and Robins et al. (2007a), and higher than that observed in the three other mapping populations, 
(Musial et al. 2007; Sledge et al. 2005; Brouwer and Osborn 1999). The studies of Sledge et al. 
(2005) and Brouwer and Osborn (1999) consisted almost entirely of single dose alleles, which by 
definition segregate in a 1:1 ratio. In comparison, this study and those of Musial et al. (2007), 
Robins et al. (2007a) and Julier et al. (2003) utilised a number of marker alleles segregating at 
higher ratios and which likely resulted in the higher levels of segregation distortion. 
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Table 4.2 Simple sequence repeat (SSR) marker identification for mapping in the autotetraploid WA272 x D mapping 
population. 
Marker type and 
source species  
Screened Amplified Polymorphic
a
 Mapped
b
 Source 
M. truncatula SSR 65 62 20 10 Julier et al. (2003) 
M. sativa SSR 38 37 12 11 Robins et al. (2007a) 
M. sativa RGA 35 31 19 9 This study 
M. truncatula SSR 160 143 63 39 http://www.medicagohap
map.org 
M. truncatula SSR 109 92 37 27 This study 
M. truncatula 
CAPS 
53 43 7 2 Choi et al. (2004a) 
Total 460 408 158 98  
a
 SSR markers were designated polymorphic if they produced amplicon(s) of different lengths between parental DNA 
(WA272 and D)  
 
4.3.2.1 Evaluation of common bean RGAP primers  
Most combinations of the RGAP primers developed by Mutlu et al. (2006) produced amplification 
products. However, the level of non-specific amplification in almost all cases prevented reliable 
detection of amplicons sufficiently differing in size for genotyping in the mapping population. 
Further optimisation of the PCR conditions was not undertaken, and this approach to marker 
development was not continued. An approach, utilising the DNA sequence of a functionally 
characterised gene in soybean and the M. truncatula genome sequence was pursued to develop the 
RGA markers indicated in Table 4.2 above, but did not provide results that directly contributed to 
the project. The work undertaken to develop candidate gene markers is further detailed in Appendix 
2. 
 
 
4.3.3 Marker-trait associations identified in the WA272 x D mapping population 
4.3.3.1 Markers associated with resistance in the mapping population 
Molecular marker-phenotype associations were identified between markers originating from 
chromosomes 1, 2, and 4–8 for the cotyledon, root reaction and root severity phenotypes (Table 
4.3). No significant associations were identified with markers on chromosome 3 (P≤0.05). Most 
markers, or marker alleles, were associated with negative additive effects (reduced disease score) 
identifying resistance in the mapping population. All markers associated with resistance were 
inherited from WA272, while markers associated with increased susceptibility were inherited from 
both parents. The identified markers always had the same additive effect for each phenotype with 
which they were associated. The single marker with the largest additive effect from each WA272 
linkage group collectively explained 85%, 56% and 76% of the phenotypic variation for resistance 
for the cotyledon reaction, root reaction and root severity phenotypes, respectively. Single alleles of 
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markers originating from chromosomes 2, 5 and 6 explained a large proportion of the phenotypic 
variation for resistance across both cotyledon and root infection courts (cotyledon and root reaction, 
root severity phenotypes, respectively). Markers from these chromosomes each explained 20% or 
more of the phenotypic variation for one phenotype and at least 11% of the variation for each of the 
other two phenotypes. Additional single markers located on linkage groups 2, 5, 6 and 7 each 
explained 10% or more of the variation for at least one of the phenotypes. The single marker with 
largest effect from each of linkage groups 2, 5, 6 and 7 explained at least 2/3 of the total phenotypic 
variation for each phenotype. Linkage groups 1, 4 and 8 contained alleles each explaining less than 
10% of the variation for any phenotype. Markers explaining 5% or more of the phenotypic variation 
for one trait were often associated with at least one of the other traits. Unless otherwise stated, in the 
following sections the term ‘marker’ refers to the single allele identified in the accompanying figure 
or table. 
 
Single alleles of markers associated with resistance usually explained a higher proportion of the 
variation for two of the three phenotypes. Markers 130811_1 and 135102_10 from chromosome 2, 
46E3fr1_3 from chromosome 5, and MTIC93_2, 17e17b5, 78k4a1 and 29o18b2 from chromosome 
6 all explained more of the phenotypic variation for the cotyledon and root severity phenotypes than 
root reaction. Marker 146553_5 from chromosome 2 explained a greater percentage of the variation 
for the root reaction and severity phenotypes than the cotyledon reaction. Markers associated with 
only two of the three phenotypes displayed a similar trend. These identified marker-trait 
associations between cotyledon and root severity phenotypes, or root reaction and severity 
phenotypes, with the exception of two markers. These results are not unexpected, given that the 
higher correlations were observed between cotyledon and root severity phenotypes, and root 
reaction and severity phenotypes (Figure 3.5). Markers 001H02_3 and 71m12b associated with 
cotyledon and root reaction phenotypes, but not root severity. Six markers produced different alleles 
which were inherited from WA272 and D and were associated with resistance or 
susceptibility/resistance in repulsion, respectively. These markers included 004F06 from 
chromosome 1, AC130811_1, AC130811_15 and 12c11g from chromosome 2, and 001H02 and 
bf634201 from chromosome 7.  
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Table 4.3 Significant marker-trait associations identified in the WA272 x D population. 
Linkage 
group 
Parent 
of 
origin 
Locus 
Plant reaction phenotype 
Cotyledon  Root reaction  Root severity  
% 
PVEa 
Additive 
effectb 
P 
% 
PVE 
Additive 
effect 
P 
% 
PVE 
Additive 
effect 
P 
1 WA272 95g14e* 3 -0.56 0.03056 - -  - -  
1 WA272 MTIC258* 5 -0.72 0.00262 - -  - -  
1 D 004F06_2* 6 0.79 0.00077 - -  - -  
1 WA272 004F06* 8 -0.94 0.00015 2 -0.39 0.04131 6 -1.41 0.00185 
1 WA272 MTIC247* - -  - -  2 -0.87 0.04123 
2 WA272 001B10* 2 -0.43 0.03974 - -  - -  
2 WA272 002B09 3 -0.54 0.02111 5 -0.5 0.00482 5 -1.17 0.00552 
2 D 32I23R* - -  3 -0.39 0.04825 - -  
2 WA272 22d10a_2 - -  3 -0.35 0.04881 - -  
2 D 135798_14_1 - -  3 0.38 0.03433 - -  
2 WA272 135102_14_1 - -  3 0.4 0.02758 4 1.08 0.01297 
2 WA272 4g10a2 3 -0.54 0.02282 - -  - -  
2 WA272 130811_15_2 3 -0.53 0.01643 - -  - -  
2 WA272 8f9d 3 -0.52 0.0297 - -  - -  
2 D 146553_17_1* 3 0.57 0.0225 - -  - -  
2 WA272 154m16c 4 -0.55 0.01252 - -  - -  
2 both 13k15a 4 -0.53 0.00697 4 -0.37 0.01395 3 -0.86 0.01694 
2 D 135798_22_1 - -  - -  4 1.11 0.00878 
2 D 12c11g_2* 4 1.19 0.00534 - -  4 2.09 0.00753 
2 WA272 12c11g_3 - -  4 -0.39 0.01344 - -  
2 D 130811_15_1 - -  4 0.45 0.04013 - -  
2 WA272 146553_3_2 6 -0.79 0.00165 2 -0.38 0.04899 - -  
2 WA272 146855_1_1 6 0.77 0.00102 5 0.52 0.0039 4 1.09 0.0102 
2 WA272 29f16a_2 - -  5 -0.5 0.00336 5 -1.11 0.00564 
2 WA272 17n24c - -  6 -0.55 0.00194 3 -0.9 0.03326 
2 D 130811_1_2 7 0.81 0.00162 - -  - -  
2 WA272 146553_5_1 13 -1.15 <0.00001 20 -1.06 <0.00001 23 -2.67 <0.00001 
2 WA272 130811_1_1 19 -1.48 <0.00001 8 -0.69 0.0003 13 -2.15 <0.00001 
2 WA272 135102_10 19 -1.43 <0.00001 17 -1 <0.00001 22 -2.72 <0.00001 
4 WA272 MtB130* - -  3 -0.42 0.02264 - -  
4 D NUM1* - -  3 -0.37 0.03856 - -  
4 WA272 bf654022_2* - -  5 -0.43 0.00337 - -  
4 WA272 al384242* 3 -0.5 0.03373 - -  3 -0.86 0.0464 
4 WA272 aw690665* 3 0.51 0.0295 - -  - -  
5 D Rga1_4aFa - -  3 0.44 0.0261 3 0.94 0.04959 
5 WA272 Rga1_1 - -  - -  4 1.1 0.01429 
5 D 46E3fr1_4 2 0.46 0.04113 - -  - -  
5 WA272 Rga1_4bF 3 -0.52 0.02703 - -  3 -0.95 0.02506 
5 WA272 58k21c 9 -0.79 0.00008 - -  4 -0.93 0.01081 
5 WA272 58b20a 10 -0.85 0.00002 2 -0.31 0.0453 5 -1.04 0.00425 
5 WA272 Rga1_5aF 14 -1.04 <0.00001 10 -0.63 0.00004 11 -1.61 0.00001 
5 WA272 46E3fr1_3 23 -1.53 <0.00001 11 -0.8 0.00001 15 -2.16 <0.00001 
6 D AC134521_18 2 0.5 0.04711 - -  - -  
6 WA272 8c18b - -  - -  2 -0.84 0.04845 
6 WA272 22h5a* 3 -0.6 0.01778 4 -0.52 0.00685 
 
4 -1.21 0.0072 
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6 WA272 MTIC134_3 3 -0.56 0.02124 - -  - -  
6 D 166b10a2 3 0.5 0.03885 5 0.53 0.00388 - -  
6 D AC149804_2_3 3 0.63 0.01823 - -  - -  
6 WA272 78k4a2 4 -0.69 0.00817 3 -0.47 0.01752 3 -1.09 0.01973 
6 WA272 AC138464_9_2 - -  4 0.38 0.00815 4 0.85 0.0117 
6 WA272 AC138464_15 4 -0.64 0.00998 - -  3 -1.03 0.0199 
6 WA272 004G02_2 4 -0.64 0.01158 - -  6 -1.37 0.00224 
6 WA272 15c17a 4 -0.62 0.00963 - -  - -  
6 WA272 bf654022_2 - -  - -  4 -0.82 0.01673 
6 WA272 003E01b 5 -0.68 0.00387 6 -0.55 0.00225 3 -0.88 0.03846 
6 WA272 AC138464_9 - -  6 -0.59 0.00093 6 -1.33 0.00155 
6 WA272 AC155100_11 - -  7 0.62 0.00059 6 1.38 0.00123 
6 WA272 002E12 7 -1.18 0.00033 4 -0.66 0.00995 8 -2.15 0.00032 
6 WA272 48N18L 7 0.84 0.00072 9 0.68 0.00025 5 1.3 0.00391 
6 WA272 004G02_4 9 -0.95 0.00005 6 -0.58 0.00112 7 -1.47 0.00051 
6 WA272 CGCAA10 12 -1.08 0.00002 - -  5 -1.25 0.00958 
6 WA272 003D03_2 13 -0.92 <0.00001 - -  6 -1.08 0.00225 
6 D MTIC93_2 15 1.23 <0.00001 4 0.46 0.01157 11 1.83 0.00001 
6 D Rga1_5aFa 16 1.28 <0.00001 12 0.82 <0.00001 15 2.16 <0.00001 
6 WA272 17e17b5 20 -1.44 <0.00001 8 -0.66 0.00029 12 -1.92 0.00001 
6 WA272 78k4a1 21 -1.49 <0.00001 11 -0.82 0.00001 18 -2.4 <0.00001 
6 WA272 29o18b2 21 -1.48 <0.00001 9 -0.74 0.00006 14 -2.14 <0.00001 
7 D bf634201 - -  - -  3 0.96 0.02898 
7 WA272 PPGM_1 - -  2 -0.4  - -  
7 D 001H02_3 3 0.54 0.03064 3 0.42 0.02456 - -  
7 WA272 20k24g 4 -0.59 0.01267 - -  - -  
7 WA272 001H02_2 6 -0.75 0.00304 7 -0.63 0.00118 4 -1.16 0.01128 
7 WA272 MTIC471_3 10 -0.85 0.00001 4 -0.38 0.0107 6 -1.16 0.00103 
7 WA272 bf634201_3 11 -1.08 0.00001 7 -0.64 0.00075 7 -1.52 0.00066 
8 D 21m13e* 3 0.53 0.02646 - -  - -  
8 D 71m12b2* 4 0.53 0.00979 3 0.35 0.02334 - -  
8 WA272 aw685868* - -  - -  4 -1.06 0.01207 
Unassigned D W11_2 4 0.6  8 0.63  4 1.08 0.02601 
a Proportion of the phenotypic variation explained. A ‘-’ indicated no association detected. 
b Negative additive effects describe markers that are associated with a more resistant phenotype score, thus having a negative effect 
(reducing) on the disease score.  
* Unlinked markers. 
 
4.3.3.2 Markers associated with susceptibility in the mapping population 
Single alleles of markers associated with Phytophthora susceptibility were present in both WA272 
and D, with the majority inherited from the susceptible parent D. All single alleles of markers 
identified as associated with susceptibility were further analysed to determine the genotype at the 
QTL. Segregation patterns were analysed to determine if marker alleles were linked in coupling 
with a susceptibility allele, or linked in repulsion with a resistance allele. The proposed marker 
linkage to phenotype for single-dose markers is indicated in Table 4.4 below. All single-dose 
markers were linked in repulsion to resistance for the cotyledon and root severity phenotypes, 
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irrespective of the parent from which they were inherited (Table 4.4). Markers associated with the 
root reaction phenotype were always linked in coupling to a susceptibility allele. Two duplex 
markers, 46E3fr1_4 and Rga1_1, inherited from D and WA272 respectively were identified as 
associated with susceptibility. Further analysis of these two markers indicated that they fitted a 
model for a duplex marker linked in repulsion to resistance to the phenotype with which they were 
associated (P<0.05, data not shown). 
 
Table 4.4 Single-dose marker linkage to phenotype in the WA272 x D mapping population. 
Marker allele Phenotype 
Cotyledon Root reaction Root severity 
D alleles    
004F06_2 R
*
 - - 
AC135798_22_1 - - R  
AC146553_17_1 R - - 
AC130811_15_1 - S - 
AC130811_1_2 R - - 
166b10a2 R S - 
MTIC93_2 R S R 
bf634201 - - R 
001H02_3 - S R 
146553_17_1 R - - 
Rga1_4aFa - S R 
21m13e R - - 
71m12b2 R S - 
aw690665 R - - 
AC134521_18 R - - 
12c11g2 R - R 
AC135798_14_1 - S - 
WA272 alleles    
AC135102_14_1 - S R 
AC146855_1_1 R S R 
AC138464_9_2 - S R 
48N18L R S R 
Rga1_5aFa R S R 
AC149804_2_3 R - - 
*Marker linkage to phenotype is indicated when significant Χ2 calculated (P>0.05), where R denotes the marker is linked in repulsion 
to a resistance allele and where S denoted the marker is linked in coupling to a susceptibility allele. ‘-’ indicates no association 
detected. The phenotype (R or S) assigned to each individual plant for the Χ2 calculations was derived from the classifications 
described in Tables 3.1, 3.2 and 3.3 above.  
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4.3.4   QTL analysis 
The interval mapping analyses identified large effect QTLs conferring resistance to P. medicaginis 
on WA272 linkage groups 2 and 6 (Figure 4.2). Two separate regions were identified on WA272 
linkage group 2 for the root severity phenotype and one region for the cotyledon reaction 
phenotype. The region in which the larger of these were located identified overlapping QTLs 
explaining 30%, 32% and 23% of the phenotypic variation for cotyledon reaction, root disease 
severity and root reaction respectively. The QTL for the three phenotypes occurred within the 26-32 
cM region of the linkage group, with smaller effect QTL for the cotyledon reaction and root 
severity phenotypes located in the 72-80 cM region. On linkage group 6, QTL were identified 
explaining 30%, 41% and 31% phenotypic variation for cotyledon reaction, root disease severity 
and root reaction respectively, in the 58–90 cM region of the linkage group. Interval QTL mapping 
analyses were not performed on the remaining WA272 linkage groups due to insufficient marker 
density (C. Hackett, pers. comm.).  
 
Interval mapping also identified susceptibility QTL on D linkage groups 2 and 6 for cotyledon 
reaction, root disease severity and root reaction phenotypes (Figure 4.2). The QTL on linkage group 
2 explained 11.5-11.9% of the phenotypic variation for each phenotype. A simple model for 
cotyledon and severity identified presence of cosegregation groups ‘a’ and ‘c’ with increased (more 
susceptible) disease score. On linkage group 6, the QTL for root severity and cotyledon reaction 
were located in the 64–75 cM region and explained 11.5 and 12.9% of the phenotypic variation 
respectively. The QTL for root reaction was located in the 12–22 cM region and explained 22.9% of 
the variation. 
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Figure 4.2 Composite linkage maps and individual cosegregation groups for WA272 and D linkage groups 2, 5, 6 and 7. From 
left to right: consensus linkage group, followed by individual co-segregation groups identified by the letters a–d. Markers associated 
with P. medicaginis reaction are identified on the individual cosegregation groups in bold type. Markers associated with resistance 
are indicated by a ‘+’ in brackets, and markers associated with resistance in repulsion are indicated by a ‘-’.  The letters ‘R’, ‘C’ or 
‘S’ following brackets indicate markers associated with the root reaction, cotyledon reaction and root severity phenotypes, 
respectively. Graphs indicate LOD scores for QTL trace graphs. Colours correspond to the annotated bars. The solid line on QTL 
trace graphs indicates the highest 95% confidence interval LOD score calculated for the three phenotypes. Solid bars and whiskers 
indicate 95 and 90% confidence intervals for QTLs.  
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Linkage group 7 
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Further analysis of the resistance QTL on WA272 linkage groups 2 and 6 was undertaken using 
TetraploidMap to test allelic models for each of the four cosegregation groups. This sought to 
ascertain if one or at most two of the cosegregation groups could be identified as harbouring the 
abovementioned resistance loci. The models tested whether a dominant simplex allele, or a 
dominant duplex allele at the QTL was a better fit to the trait data than the full model, which 
included all four cosegregation groups. On WA272 linkage group 2, the root reaction QTL could 
not be better explained by a simple model (i.e. one or two of the cosegregation groups). The 
cotyledon reaction and root severity QTL were better explained by a simple model with individuals 
inheriting cosegregation groups ‘a’ and ‘c’ having a significantly higher phenotype score. The 
higher score equates to an increased susceptibility (the rating system is detailed in Tables 4.1 and 
4.3). While this may not appear to be consistent with the identification of several simplex markers 
significantly associated with resistance (Table 4.4) in the QTL interval, the presence of duplex 
markers AC130811_1_1 and 12c11g_1 associated with the phenotypes on cosegregation groups ‘b’ 
and ‘c’ is likely to affect the ability of the program to identify a single cosegregation group with 
statistical significance.  
 
On WA272 linkage group 6, similar results were obtained to those for linkage group 2. The root 
reaction QTL could not be better explained by a simple model. The cotyledon reaction and root 
reaction QTL could be better explained by a simple model. Individuals inheriting cosegregation 
groups ‘c’ and ‘d’ scored a significantly higher cotyledon reaction score indicating increased 
susceptibility, while individuals inheriting cosegregation groups ‘a’ and ‘d’ had a significantly 
higher root severity score also indicating increased susceptibility. The presence of duplex markers 
including 29f16a_2, 002E12, 003D03_2 and 12c11g_3, which were associated with at least one 
phenotype in the QTL region, may similarly affect the ability of the program to identify a single 
linkage group 6 cosegregation group as associated with increased resistance with statistical 
significance. 
 
4.3.5  Interactions between loci 
All single dose markers included in the linkage analysis, map construction and interval QTL 
analysis were also screened for interactions between loci. Significant interactions were identified 
between markers for the root severity and cotyledon reaction phenotypes, but no interactions were 
detected for the root reaction phenotype (Table 4.5). Only those interacting markers are shown 
where both markers contributed main effects (additive or dominance effects) with a LOD score of 
>3 (data not shown). Marker AW775062 originating from linkage 5, but unlinked in the current 
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study, was the only marker identified in this analysis for which a marker-trait association was not 
observed (Table 4.3 above). Interactions were only detected between markers from linkage groups 
2, 5, 6 and 7; the same chromosomal regions in which the markers of largest effect on plant 
phenotype were identified. In all but one instance, the interactions involved at least one marker 
from either linkage group 2 or 6, with the greatest number of interactions detected between linkage 
groups 2 and 6 (Table 4.5). Interactions involving both markers associated with resistance using the 
root severity phenotype were detected between one marker from linkage group 2 (AC146553_5_1) 
and two tightly linked markers from the same cosegregation group on linkage group 6 (17e17b_5 
and 29o18b2). Six interactions were detected between marker pairs, where both markers were 
associated with resistance using the cotyledon reaction phentoype. The interactions were between 
the same three markers identified above for linkage groups 2 and 6 and additionally linkage groups 
2 and 5 (AC146553_5_1 and Rga1_5aF), linkage groups 5 and 6 (Rga1_5aF and 004G02_4), 
linkage groups 6 and 2 (CGCAA10 and AC146553_5_1) and linkage groups 7 and 6 (bf634201_3 
and 004G02_4). 
 
Table 4.5 Interactions detected between marker pairs in the WA272 x D population. 
Phenotype 
Region 1  Region 2  LOD
b
 
LG Locus 
Linkage to 
phenotype
a
 
LG Locus  
Linkage to 
phenotype 
 
Severity        
 2 AC146553_5_1 R 6 17e17b5 R 12.5 
 2 AC146553_5_1 R 6 29o18b2 R 13.0 
 5 aw775062 - 6 Rga1_5aFa RR 11.1 
 6 MTIC93_2 RR 6 004G02_2 R 10.3 
Cotyledon        
 2 AC146553_5_1 R 5 Rga1_5aF R 12.3 
 2 AC146553_5_1 R 6 17e17b5 R 12.4 
 2 AC146553_5_1 R 6 29o18b2 R 12.5 
 2 AC146553_3_2 R 6 Rga1_5aFa RR 11.1 
 5 aw775062 - 6 Rga1_5aFa RR 11.4 
 5 Rga1_5aF R 6 004G02_4 R 13.2 
 6 CGCAA10 R 2 AC146553_5_1 R 12.6 
 6 Rga1_5aFa RR 2 AC130811_1_2 RR 10.4 
 6 MTIC93_2 RR 6 AC130811_1_2 RR 10.8 
 6 Rga1_5aFa RR 6 004G02_4 R 11.8 
 7 bf634201_3 R 5 aw775062 - 10.2 
 7 bf634201_3 R 6 004G02_4 R   9.6 
a
 The determination of marker linkage to phenotype is described  in Table 4.3 and Table 4.4 above. An ‘R’ indicates the 
marker is linked in coupling to resistance and ‘RR’ indicates the marker is linked in repulsion to resistance.  
b 
LOD score for the significance of the interaction. 
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The interactions between markers from linkage groups 2, 5, 6 and 7 were further analysed to 
determine the effects of marker combinations on the selection of resistant individuals in the 
mapping population. This was based on the marker presence to select plants expected to be 
resistant. Interacting marker pairs associated with the cotyledon phenotype were analysed to 
determine the largest number of resistant individuals that could be identified in the population. To 
generate a baseline for reference, the single markers identified between 63 and 111 individuals with 
an accuracy ranging from 70–81% (i.e. 19–30% of plants with the marker present were susceptible) 
(Figure 4.3A). The best marker, 29o18b2, detected 81% of the resistant individuals in the mapping 
population of 102. Analysis of the marker genotype (presence/absence) and corresponding 
phenotype indicated that for all six interacting marker pairs, the presence of both markers identified 
resistant individuals more accurately (lowest percentage of misclassified individuals) (Figure 4.3B) 
than the absence of one or both markers identified susceptibility (data not shown). However, the 
absence of both markers had a greater effect on the average phenotype score (deviation from 
population mean) than the presence of one or both markers (data not shown).  
 
No interacting marker pair identified a greater number of resistant individuals than the single 
markers 29o18b2 or bf634201_3. Additional combinations of the markers, involving three or four 
of the linkage groups, were investigated to determine the extent to which the markers involved with 
interactions between multiple linkage groups influenced the selection of resistance (Figure 4.3C). 
No combination of markers identified was able to identify a greater number of resistant individuals 
than the single markers 29o18b2 or bf634201_3. The combination involving all individuals with 
interacting marker pairs (004G02_4 and LG 5), (LG 2 and 5), LG 2 and 6) present was the most 
accurate at identifying resistance, with a misclassification rate of 15% (Figure 4.3C). This marker 
combination identified 52% of the resistant individuals in the mapping population. Additional 
combinations of the markers were evaluated for their ability to identify the largest proportion of the 
resistant individuals in the mapping population (Figure 4.3D). The combination of the presence of 
at least one marker from linkage groups 5 or 6, as well as at least one marker from linkage groups 2 
and 7 identified the largest number of resistant individuals. This marker combination identified 116 
individuals, with a misclassification rate of 22%, thus identifying 92 of the 102 resistant individuals 
in the population.  
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Figure 4.3 Effects of simplex marker combinations on selection of plants with cotyledon resistance in the WA272 x D mapping population. The terms ‘LG 2’, ‘LG 5’ and ‘LG 7’ indicate the 
chromosome of origin and refer to the single marker identified in (A) above, and ‘LG 6’ refers to the marker 29o18b2. For clarity, the remaining two markers originating from chromosome 6 are 
identified by the marker name. A: Identification of resistant individuals using single markers. B: Identification of resistant individuals using the interacting marker pairs. C: Identification of resistant 
individuals using markers involved with interactions between multiple linkage groups. D: Additional combinations of interacting markers.  
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4.4 Discussion 
 
Major QTLs for resistance to P. medicaginis were located on WA272 linkage groups 2 and 6 with 
additional QTL on linkage groups 5 and 7. This is the first time that the chromosomal location of 
loci conferring resistance to P. medicaginis in the Medicago sativa ssp. complex has been 
ascertained. The study provides a starting point for cataloguing genetic variation for resistance to P. 
medicaginis in lucerne. The highest percent of the phenotypic variation could be explained for the 
cotyledon reaction phenotype. This is likely due to the precision with which assessment of the 
individual plant response can be undertaken. The plant (cotyledon) response can be observed 
without influence of the factors discussed previously (Chapter 4), which may affect the response 
observed using the soil-based inoculation method used to obtain the root reaction and root disease 
severity phenotypes. Approximately 76% of the phenotypic variation for root severity was detected, 
and this is relevant as the plant phenotype assessed by this method (severity of root infection) is 
likely to be a good indicator of field performance for P. medicaginis resistance. This discussion will 
focus on the markers identifying resistance in the mapping population. Although the identification 
of markers for susceptibility may also prove useful for breeding purposes as a means of removing 
susceptible plants, such markers are not likely to be as informative for determining the resistance(s) 
carried by the parent plants of the population under selection for Phytophthora resistance. 
 
Using composite interval mapping, large effect QTL for the three phenotypes were located to a  
6 cM region of linkage group 2 and a 50 cM region on linkage 6, and on linkage groups 5 and 7 
using marker-trait associations, but not interval mapping due to marker density. The large effect 
QTL identified on linkage groups 2 and 6 through interval mapping, and the best single marker 
from linkage groups 5 and 7 explained 94, 92 and 75% of the phenotypic variation for the cotyledon 
reaction, root severity and root reaction phenotypes respectively. The high percentage of variation 
for root reaction accounted for by linkage group 6 may be overestimated by the mapping program, 
as no single cosegregation group could be identified which best fitted the marker and trait data. The 
best single marker from linkage group 6 explained 11% of the variation for root reaction, while the 
interval mapping analysis calculated this value to be 41%. In contrast, the best single marker for the 
root severity and cotyledon reaction phenotypes explained 21% and 18% of the variation, and the 
interval mapping analyses calculated the QTLs to account for 31% and 30% of the variation 
respectively.  
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Using the marker data obtained in this study, the location of the QTLs identified on linkage groups 
2, 5, 6 and 7 indicate that at least the same co-segregation groups, if not the same region on each of 
these contribute large effect QTL for resistance to P. medicaginis in WA272 in both cotyledon and 
root infection courts. Irwin et al. (2003), in the absence of molecular marker data, reported similar 
findings. In their work, the cotyledon and mature root reaction were assessed in individual plants 
from a range of Australian lucerne cultivars and the authors concluded that generally the same 
genetic mechanisms were operating in both the cotyledons and roots. The location of QTLs from 
different infection courts in the same chromosomal regions is supported by both the single marker-
trait regression data and the interval mapping analyses undertaken on linkage groups 2 and 6. On 
WA272 linkage group 2, major QTL for the three phenotypes appear to co-locate within the  
26–32c M region, with additional QTL detected for the cotyledon reaction and root severity 
phenotypes in the 72–80 cM region. Several simplex markers on co-segregation group ‘c’ from 
WA272 linkage group 2 were highly associated with all three phenotypes. One of these included the 
marker AC146553_5_1 which was identified in interactions with linkage groups 2, 5, 6 and 7 for 
the cotyledon and linkage group 6 for the root severity phenotypes. On WA272 linkage group 6, the 
cotyledon reaction and root severity QTL did not co-locate, but were located within the same region 
as the root reaction QTL.  However, four simplex markers on cosegregation group ‘b’ from WA272 
linkage group 6 were highly associated with all three phenotypes, and were identified in interactions 
with markers from linkage groups 2, 5 or 7 for the root severity (two markers) and cotyledon 
phenotypes (four markers). A single cosegregation group could not be determined for the root 
reaction QTL on linkage group 6. An increased marker density in the regions on all four of the main 
regions contributing resistance to P. medicaginis would enable greater precision in locating these 
QTLs, as would an increased population size.  
 
Evidence of epistatic interactions contributing to expression of resistance to P. medicaginis in 
WA272 were detected between linkage groups 2, 5, 6 and 7 for the cotyledon reaction phenotype 
and 2 and 6 for the root severity phenotype. Based on the number of interactions detected, and to 
the extent permitted with the marker density achieved in this study and the mapping population size, 
it appears that in decreasing order WA272 linkage groups 6 and 2 play the most significant role in 
contributing to resistance, followed by linkage groups 5 and 7. However, no interacting marker pair 
could identify more resistant individuals in the mapping population than the single markers alone. 
The combination of the presence of interacting markers (detailed in Figure 4.3) from LG 6 
(004G02_4) and 5, LG 2 and 5, LG 2 and 6 was more accurate at identifying resistance than any 
single marker. Thus, while single markers from any of the four main QTL (Table 4.3 and Table 4.5) 
are able to identify a relative large proportion of resistant individuals in the mapping population, 
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increased accuracy in identifying resistance is afforded by incorporating information from the 
interactions detected between the large effect QTLs.  
 
The segregation ratios observed for the cotyledon reaction and root severity phenotypes in the 
mapping population could be fitted to a 2 complementary, independently segregating gene model 
(Section 3.3.5). However, the molecular marker data described above identifies four major 
interacting loci conferring resistance to P. medicaginis. This indicates that additional regions in the 
WA272 genome confer resistance than the proposed 2 gene model. A considerably larger 
population size than the 171 individuals of the mapping population would be necessary to critically 
test inheritance models involving up to four loci, and would be beyond the scope of this project to 
accurately phenotype and genotype with the polymorphic markers identified.  
 
Emphasis was placed on screening and identifying sufficient markers to build linkage maps for each 
homology group for both parents of the mapping population, and thus cover the whole WA272 
genome. However, despite extensive screening, sufficient polymorphic markers were identified to 
develop only a partial linkage map covering 687 cM across five of the eight M. sativa linkage 
groups. Importantly, polymorphic but unlinked markers were identified from the remaining linkage 
groups which enabled adequate coverage to detect marker-trait associations. The composite map 
lengths obtained in other tetraploid M. sativa mapping studies range from 452 cM (Brouwer and 
Osborn 1999) to 764 cM (Narasimhamoorthy et al. 2007). The average marker density of 5.5 
markers/cM in this study is similar to that obtained by Brouwer and Osborn (1999) of 6.5/cM and 
within the range obtained by Sledge et al. (2005) and Julier et al. (2003) of 2.4 and 7.6 markers/cM 
respectively. 
 
The identification of large effect QTLs for resistance in WA272, and interactions between these 
resistance loci is an important finding for breeding for Phytophthora resistance. These findings 
strongly support previous work in this field which have used inheritance studies to determine the 
genetic basis for Phytophthora resistance in M. sativa subsp. sativa and subsp. falcata genotypes in 
the absence of DNA-based molecular data (Havey and Maxwell 1987; Havey et al. 1987; Irwin et 
al. 1981a, 1981b). In particular, the work by Havey et al. (1987) investigated the combination of 
loci conferring resistance from subsp. falcata and subsp. sativa sources. Their work was undertaken 
in diploids derived from the tetraploid M. sativa plant M193, which may have contributed to 
resistance in the tetraploid WA272 used in this study.  Within the derived diploids they 
investigated, they concluded that the Pm3 and Pm4 loci from M. falcata are inherited independently 
of at least one and maybe both of the Pm1  and Pm2 loci from the derived diploid DDR-850 and 
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independently of at least one and maybe both of the Pm5 and Pm 6 loci from the derived diploid 
DDR1051. The loci Pm1-6 are described in detail in Chapter 2. Thus, the loci Pm1 and Pm2, and 
Pm5 and Pm 6 were identified in separate diploids derived from the same tetraploid parent, M193. 
Whether these loci correspond to the four large-effect QTLs identified on linkage groups 2, 5, 6 and 
7 remains to be determined.  
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Chapter 5 Validation of the marker – trait associations identified  
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5.1 Introduction 
The development of molecular markers for marker assisted selection (MAS) for resistance to P. 
medicaginis and other diseases in lucerne would be of considerable benefit for lucerne genetic 
improvement by the development of narrow-based synthetics. A molecular method could underpin 
parent selection by allowing an assessment of the resistance(s) carried by each parental genotype 
and the subsequent selection of elite clones carrying multiple disease resistances. A marker, or 
series of markers, could allow selection of resistance based on PCR amplification profiles, or 
equivalent marker technology, without the requirement of phenotyping by pathogen inoculation. 
Another benefit of marker-assisted selection tools for pathogen resistance is the potential for 
breeding programs without pathology capabilities to select for the requisite resistances. 
 
 The identification of chromosomal regions associated with Phytophthora resistance in the lucerne 
genotype WA272 which explain a high percentage of the phenotypic variation was an important 
step in developing molecular markers for MAS. However, the validation of the marker-trait 
associations in the WA272 x D mapping population is required as a first step towards further 
marker development as a breeding tool. The limitations to the development of molecular markers 
from QTL mapping studies into a tool for marker assisted selection have been well documented 
(Andersen and Lubberstedt 2003). Such limitations to implementing identified markers in MAS 
programs include the extent of homologous marker-trait linkages identified in the study population 
that are present in additional genetic backgrounds, and the host genotype x pathogen interactions 
relating to the expression of resistance. A starting point to validating QTL is to assess the marker-
trait associations identified in the mapping population within another sample of the same genetic 
background. Further evaluation of the marker-trait associations in additional populations, or across 
different isolates of the same pathogen, would then allow additional information on the genetic 
diversity of resistance loci across a range of genetic backgrounds to be generated. 
 
Genetic diversity is an established feature of lucerne cultivars. Cultivated lucerne is currently 
commercialised by polycrossing unrelated parent plants to generate a broad-based synthetic due to 
the biology of the plant (Tysdal et al. 1942), which is described in detail in Chapter 2. The resultant 
cultivar constitutes genetically distinct individuals for which there is as much diversity within, as 
between, cultivars (Flajoulot et al. 2005; Labombarda et al. 2000; Musial et al. 2002; Pupilli et al. 
2000). Thus, within a single lucerne cultivar considerable genetic diversity between individual S0 
clones is present, and marker-trait associations identified in one genetic background would require 
validation for utility in MAS at a wider level. 
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Similarly, pathogen isolate diversity may affect the degree of marker linkage to plant phenotype in 
additional host genetic backgrounds. Phyptophthora medicaginis is a relatively specialised 
pathogen, with a host range limited to a small number of legume ssp. which include M. sativa, M. 
truncatula and Cicer arentinum (Irwin et al. 1997a). Population genetics studies using RAPD 
markers (Irwin et al. 1997a) and IGS2 sequence data (Liew et al. 1998) indicate that the level of 
random genetic diversity within P. medicaginis is relatively low. However, some evidence for 
specificity towards lucerne genotypes by individual P. medicaginis isolates has been observed using 
the stem injection inoculation procedure described in Chapter 3 (Liew and Irwin 1997), indicating 
the potential for isolates to vary in virulence and thus allowing them to overcome plant resistances. 
As well as differences in virulence (specificity), isolates can also vary in aggressiveness (the 
relative capacity to cause disease). With variation in aggressiveness, the ranking of host genotypes 
when inoculated with different pathogen isolates remains constant, but the overall disease severity 
of the host genotype set varies from isolate to isolate. No previous investigations have provided an 
indication of the genetic diversity of either the host and pathogen and the relationship between these 
factors and the location of QTL or segregating loci for P. medicaginis resistance. 
 
The above limitations to MAS implementation apply to the marker-trait linkages identified in the 
WA272 x D population. The degree to which host or pathogen genotype affects the identified 
marker-trait linkages remains to be determined in the WA272 x D population or in the only 
previously developed mapping population segregating for Phytophthora reaction (W116 BC 
population). The research undertaken in this chapter tested the marker-trait associations identified in 
the mapping population within another sample from the same genetic background, using a new 
population of WA272 x D F1 plants termed the validation population. The inoculation experiments 
on the WA272 x D validation population were intended to be performed with the P. medicaginis 
isolate used to phenotype the mapping population. However, due to the detection of a substantive 
loss in aggressiveness of isolate UQ5953 (Section 5.2.1 below) at the initiation of the experimental 
work described in this chapter, isolate UQ5956 was used instead.  
 
The hypothesis to be tested in this work was that the molecular marker-trait associations identified 
in the WA272 x D mapping population will be detected in the validation population. The work 
sought to determine if common loci confer resistance, within another sampling of the same host 
genetic background, to another isolate of P. medicaginis. This research detailed in this chapter 
aimed to test the marker-trait associations identified from the WA272 x D mapping population in an 
additional segregating population from the cross WA272 x D, using a different isolate of P. 
medicaginis.   
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5.2 Methods 
5.2.1 Generation of the WA272 x D validation population and phenotypic characterisation 
for P. medicaginis reaction 
This experiment assessed the reaction of the cotyledons from individuals from the validation 
population to P. medicaginis zoospores. A repeat of the autotetraploid cross WA272 x D was 
undertaken in the glasshouses at The University of Queensland in late 2011 to generate the 
validation population. Seed was harvested, cleaned and planted as in Section 3.2.1. One hundred 
and ninety-seven F1 seedlings germinated and were grown as described below for phenotypic 
characterisation and DNA extraction. 
 
Phenotypic characterisation of the validation population was undertaken to obtain cotyledon 
reaction ratings for each individual. This experiment was delayed by the flooding of Brisbane in 
2011. Crucial experimental infrastructure, including the temperature controlled glasshouse in which 
inoculations were performed, was destroyed in the flooding and was not replaced for more than 7 
months. In the time between the mapping population phenotyping and this experiment, the original 
isolate of P. medicaginis (UQ5953) lost aggressiveness on the susceptible check (D ). As a routine 
precaution, the aggressiveness of isolate UQ5953 was assessed prior to inoculation of the validation 
population by inoculating both cotyledons of 51 seedlings of the susceptible check (D ) with 
zoospores produced as previously described. While this isolate had previously killed all D  
seedlings, only half (49%) of the seedlings planted produced a susceptible response, indicating a 
loss of aggressiveness. Thus, a new isolate was obtained for this experiment, using the procedure 
outlined in Section 3.2.2.1. P. medicaginis isolate UQ5956, was used for this experiment at a 
concentration of 35,000 and 10,000 zoospores mL
-1
 for the initial and repeat inoculation of 
cotyledons. 
 
Inoculations were performed as described in Section 3.2.2.2, using the methods detailed therein for 
the initial and repeat inoculation of plants producing a resistant response on the first cotyledon 
inoculated. Cotyledon reactions were scored using the rating system described in Table 3.1. Thirty 
D  seedlings were included as susceptible checks. The most susceptible disease score obtained for 
D  and WA272 x D F1 seedlings in either the initial or repeat inoculation was the disease score 
assigned to that plant.  
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5.2.2 Molecular marker validation 
DNA was extracted and prepared from each WA272 x D F1 from the validation population as 
described in Section 3.2.2. Microsatellite markers identified as associated with cotyledon reaction to 
P. medicaginis in the WA272 x D mapping population (Section 4.2.4.1, Table 4.3) and explaining 
5% or more of the phenotypic variation were selected for genotyping the validation population. The 
selected markers were used to genotype the validation population as described for the mapping 
population in Section 4.2.3. The scored amplicons were analysed as per Section 4.2.4 to detect 
marker-trait associations and epistatic interactions between markers at the significance thresholds 
described therein.  
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5.3 Results 
5.3.1 Phenotypic characterisation of the validation population 
The validation population segregated for 35% (68/197) plants which were resistant to P. 
medicaginis cotyledon inoculation. Cotyledon reactions of the WA272 x D validation population to 
P. medicaginis isolate UQ5956 ranged from highly resistant (disease score of 1) to highly 
susceptible (disease score of 5). A total of 137 WA272 x D F1 seedlings and 9 D  seedlings 
produced a resistant reaction (disease score of 1, 2 or 3) on the first inoculated cotyledon. At the 
final assessment after the second inoculation, all of the remaining 9 D  seedlings were highly 
susceptible, with the re-inoculated plants all giving a score of 4 or 5. An additional 69 F1 seedlings 
were identified as susceptible (disease score of 4 or 5). The remaining F1 seedlings maintained a 
disease score of 1 or 2. The highest disease score (most susceptible reaction) observed for each 
WA272 x D F1 and D  seedling in either inoculation was the final score assigned to that plant.  
 
Figure 5.1 Distribution of cotyledon reaction to P. medicaginis isolate UQ5956 in the WA272 x D validation population. 
Vertical arrow and horizontal bar indicate mean disease rating and standard deviation respectively of D seedlings 
(n=30)  
 
The Mendelian inheritance of resistance to P. medicaginis in the WA272 x D validation population 
was assessed to determine the fit of the observed segregation ratios to the genotypes proposed for 
WA272 in Table 3.8. Although the molecular marker-trait associations and QTL data obtained in 
the mapping population (described in Chapter 4) indicate that up to four main loci condition 
resistance to P. medicaginis isolate UQ5953 in WA272, this approach was applied to the new data 
obtained from P. medicaginis isolate UQ5956 in the validation population. The phenotypic data 
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from the validation population (68:129) resistant:susceptible respectively were assessed for fit to the 
1:1 segregation ratio for the single gene model (Table 3.8). The χ2 test indicated that the null 
hypothesis (no association between the observed and expected segregation ratios) could be rejected 
(χ2 18.8, P>0.01) The remaining segregation ratios proposed in Table 3.8 were not consistent with 
the segregations observed and were not tested.  
 
5.3.2 Molecular marker-trait associations identified in the validation population 
SSR markers identified as explaining 5% or more of the phenotypic variation for cotyledon reaction 
from each chromosomal region in the WA272 x D mapping population (Chapter 5) were tested for 
marker-trait associations in the WA272 x D validation population. Most of these markers were 
associated with P. medicaginis resistance in the mapping population. The markers, described in 
Table 5.1, locate to WA272 linkage groups 1, 2, 5, 6 and 7, 8, and D linkage groups 2 and 6. 
Importantly, across WA272 linkage groups 2, 5, 6 and 7, several duplex markers and/or marker 
alleles originating from multiple cosegregation groups under the QTL in the mapping population 
(Figure 4.2) were tested for marker-trait associations in the validation population. 
 
Only four markers or marker alleles from the resistant parent WA272 were associated with the 
cotyledon reaction phenotype in the WA272 x D validation population (AC135102_10, 58k21c, 
004G02_4, 003D03_2) (Table 5.1). These markers locate to linkage groups 2, 5 and 6 respectively. 
The makers AC135102_10 and 003D03_2 were associated with an increased disease score 
(increased susceptibility). Segregation patterns were analysed to determine if marker alleles were 
linked in coupling with a susceptibility allele, or linked in repulsion with a resistance allele and in 
both cases chi-square calculations indicated that the markers were linked in coupling with a 
susceptibility allele (P>0.05). No marker-trait associations were detected for markers originating 
from linkage groups 1, 7 or 8. No marker inherited from the susceptible parent D, all of which were 
associated with an increased disease score in the mapping population, was associated with the 
cotyledon phenotype in the validation population. 
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Table 5.1 Marker -trait associations detected in the WA272 x D validation population.  
Linkage 
group 
Locus 
 Associations detected for cotyledon reaction 
phenotype 
 
Mapping population  
(isolate UQ5953)a 
 
Validation population  
(isolate UQ5956) 
% PVEb 
Additive 
effectc 
P 
 
% PVE 
Additive 
effect 
P 
1 MTIC258 5 -0.72 0.00262  nd   
1 004F06_2 6 0.79 0.00077 
 
nd   
1 004F06 8 -0.94 0.00015 
 
nd   
2 AC146855_1_1 6 0.77 0.00102 
 
nd   
2 AC130811_1_2 7 0.81 0.00162 
 
nd   
2 AC146553_5_1 13 -1.15 <0.00001 
 
nd   
2 AC135102_10 19 -1.43 <0.00001 
 
3 0.50 0.01140 
2 AC138011_1_1 19 -1.48 <0.00001 
 
ns   
5 46E3fr1_2 nd    nd   
5 46E3fr1_4 2 0.46 0.04113  nd   
5 58k21c 9 -0.79 0.00008 
 
3 -0.46 0.04886 
5 58b20a 10 -0.85 0.00002 
 
nd   
5 Rga1_5aF 14 -1.04 <0.00001 
 
nd   
5 46E3fr1_3 23 -1.53 <0.00001 
 
nd   
6 29o18b nd    nd   
6 004G02_3 nd   
 
nd   
6 003D03_1 nd    nd   
6 004G02_2 4 -0.64 0.01158 
 
nd   
6 48N18L 7 0.84 0.00072 
 
nd   
6 004G02_4 9 -0.95 0.00005 
 
2 -0.38 0.04572 
6 CGCAA10 12 -1.08 0.00002 
 
nd   
6 003D03_2 13 -0.92 <0.00001 
 
3 0.44 0.01577 
6 MTIC93_2 15 1.23 <0.00001 
 
nd   
6 29o18b2 21 -1.48 <0.00001 
 
nd   
6 78k4a1 21 -1.49 <0.00001 
 
nd   
7 001H02_3 3 0.54 0.03064 
 
nd   
7 20k24g 4 -0.59 0.01267 
 
nd   
7 001H02_2 6 -0.75 0.00304 
 
nd   
7 MTIC471_3 10 -0.85 0.00001 
 
nd   
7 bf634201_3 11 -1.08 0.00001 
 
nd   
8 21m13e2 nd   
 
nd   
8 21m13e 3 0.53 0.02646 
 
nd   
8 71m12b2 4 0.53 0.00979 
 
nd   
 
a Data reproduced from Table 5.3 
b Proportion of the phenotypic variation explained.  
c Negative additive effects describe markers that are associated with a more resistant phenotype score, thus having a negative effect 
(reducing) on the disease score.  
nd = no association detected 
ns = marker did not segregate 
 
All markers used to genotype the WA272 x D validation population were for screened for 
interactions between loci, using the tests for significance described in Section 5.3. Interactions were 
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detected between the markers described in Table 5.2, with a LOD score for the interaction above the 
significance cut-off of 3.0. However no marker pair passed the second test for significance, in 
which both interacting markers were required to contribute main effects (additive or dominance 
effects) with a LOD score of >3.0. The LOD scores for the main effects for each marker of the 
interacting pair identified in Table 5.2 were 1.1 or lower (data not shown). 
 
Interactions were only detected between markers originating from linkage groups 2, 5 or 6 in the 
validation population. These were detected between some of the same markers, or marker alleles for 
which interactions were detected in the mapping population. Markers for which associations were 
detected in both populations include AC146553_5_1 and AC130811_1_2 from linkage group 2, 
58b20a from linkage group 5 and 17e17b5 and MTIC93_2 from linkage group 6. Additional 
markers, for which no interaction was detected at the higher significance cut-off in the mapping 
population, were identified at the lower significance level in the validation population (Table 5.2). 
Interactions were also detected for marker AC135102_10, but not for markers 46E3fr1_1-3, 
003D03_1 or 17e17b_1 when the lower significance threshold was applied to the marker dataset 
from the mapping population.  
 
 
Table 5.2 Interactions detected between marker pairs in the WA272 x D validation population. 
Region 1 
 
Region 2 LOD
a
 
LG Locus 
 
LG Locus  
2 AC135102_10 
 
6 17e17b_1 6.5 
2 AC135102_10 
 
6 17e17b_5 8.6 
2 AC146553_5_1 
 
6 17e17b_5 7.5 
5 46E3fr1_2 
 
2 AC135102_10 6.2 
5 46E3fr1_2 
 
2 AC130811_1_2 6.7 
5 46E3fr1_1 
 
5 46E3fr1_2 5.7 
5 46E3fr1_2 
 
5 46E3fr1_3 7.9 
5 46E3fr1_2 
 
6 003D03_1 6.7 
5 46E3fr1_2 
 
6 17e17b_1 9.5 
5 46E3fr1_2 
 
6 17e17b_5 5.9 
5 46E3fr1_2 
 
6 MTIC93 5.7 
5 46E3fr1_3 
 
6 17e17b_1 6.0 
6 17e17b_1 
 
2 AC130811_1_2 6.9 
6 17e17b_1 
 
5 58b20a 6.2 
6 003D03_1 
 
6 17e17b_1 6.5 
6 17e17b_1 
 
6 17e17b_5 6.4 
6 17e17b_1 
 
6 MTIC93_2 5.7 
a 
LOD score for the significance of the interaction. 
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5.4 Discussion 
Phenotypic characterisation of the WA272 x D validation population for cotyledon reaction 
identified 35% of plants that were resistant to P. medicaginis isolate UQ5956. This result is a 
considerable reduction in the level of resistance obtained in the mapping population. The response 
of the mapping population to isolate UQ5953 using the same inoculation procedure identified the 
level of resistance as 51%. An increased level of aggressiveness of P. medicaginis isolate UQ5956 
relative to isolate UQ5953 used previously is likely to have contributed to the reduced level of 
resistance observed in the validation population. The cultivar UQL-1 routinely produces resistance 
levels to P. medicaginis of 30–40% across a range of isolates in resistance screening assays (DJ 
Armour and JAG Irwin unpublished data) (Anon 2004). Approximately one hundred seedlings of 
UQL-1 were inoculated with isolate UQ5956 as described above, and resulted in a resistance level 
for UQL-1 of only 16% (DJ Armour and JAG Irwin unpublished data). Only one previous report 
describes the response of the same lucerne individuals to different isolates of P. medicaginis (Liew 
and Irwin 1997).  The authors used the stem inoculation method described in Section 3.2.2.3 to 
investigate the reaction of nine different clonally propagated lucerne genotypes to 29 P. medicaginis 
isolates. Differences in isolate aggressiveness were observed in that study, and the findings in this 
work with the cotyledon inoculation method indicate a similar occurrence between isolates UQ5953 
and UQ5956 and the lucerne genotype WA272. 
 
Environmental and inoculum concentration factors are unlikely to account for the differences in 
resistance levels observed in the two WA272 x D populations. The inoculation experiments for both 
populations were performed at the same temperature range, on seedlings of the same age, and in the 
same controlled environment glasshouse. The inoculum concentrations used in this experiment 
(35,000 and 10,000 zoospores mL
-1 
initial and repeat inoculations, respectively) were lower than the 
concentrations used on the mapping population (30,000 and 300,000 zoospores mL
-1 
initial and 
repeat inoculations, respectively). However, a reduced inoculum concentration in this experiment is 
unlikely to explain these differences, as Irwin et al. (2003) found no significant inoculum 
concentration or plant x inoculum concentration interactions using lower concentrations of 2,000 
and 10,000 zoospores mL
-1
. 
 
A vastly reduced number of marker-trait associations were detected in the WA272 x D validation 
population. The reduced sample size, or pool of resistant individuals in this population (68) over the 
mapping population (102) reduced power of the statistical tests for marker-trait associations. Only 
those markers which were associated with the cotyledon reaction phenotype in the mapping 
population were tested for marker-trait associations in the validation population. Only four markers 
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were associated with Phytophthora reaction in both populations, and the significant differences in 
the proportion of the phenotypic variation explained by these markers across the two WA272 x D 
populations precluded further evaluation of these markers in additional lucerne genotypes. 
Associations were detected in the validation population for a single marker from each of WA272 
linkage groups 2 and 5, and two markers from linkage group 6. A full genome scan using all 
polymorphic markers identified in the mapping population was not undertaken as the scope of this 
experiment was to evaluate the identified marker-trait associations in an additional WA272 x D 
population, and not the generation of another WA272 x D linkage map. However, it is possible that 
a marker dataset of the magnitude generated for the mapping population, providing greater coverage 
of polymorphic markers across all eight M. sativa chromosomes may have detected additional 
marker-trait associations in the validation population. In particular, an increased marker density on 
linkage group 7 would have allowed a more comprehensive evaluation of the potential for this 
chromosomal region to contribute to Phytophthora resistance, as was observed in the mapping 
population. Although the marker-trait associations in the validation population identify a reduced 
number of markers across two different P. medicaginis isolates, common regions on linkage groups 
2, 5 and 6 appear to contribute to resistance in WA272. 
 
The detection of epistatic interactions between markers in the validation population provided further 
evidence for the involvement of WA272 linkage groups 2, 5, and 6 in conditioning resistance to 
both isolates of P. medicaginis. Interactions were detected between the same or nearby markers 
from the QTL containing regions on linkage groups 2, 5, and 6, irrespective of the isolate used. 
Although this evidence was detected at a lower level of significance in the validation population 
than the mapping population, the results obtained indicate that a network of interactions involving 
at least three loci on separate M. sativa chromosomes contributes to P. medicaginis resistance in 
lucerne genotype WA272. 
 
The results presented here, and those previously (Chapter 4), have implications for the development 
of molecular markers for Phytophthora resistance in lucerne. The identification of markers 
associated with Phytophthora resistance on WA272 linkage groups 2, 5 and 6 in both the mapping 
and validation populations indicates that multiple, common loci confer resistance in lucerne 
genotype WA272 across two different P. medicaginis isolates. The identification of common 
regions on linkage groups 2, 5 and 6 across two P. medicaginis isolates is an important first step 
towards dissecting the genetic architecture of resistance to P. medicaginis in lucerne. The regions 
near the QTL identified on WA272 linkage groups 2, 5, 6 and 7 would be of considerable interest 
for further marker saturation in this M. sativa linkage map to identify markers suitable for further 
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evaluation in additional lucerne genotypes. Furthermore, an increased density of markers derived 
from the M. truncatula physical map in this M. sativa linkage map would allow investigation of the 
corresponding region in M. truncatula for candidate gene identification and functional marker 
development. Suitable molecular markers identified in this work could then be evaluated in 
additional lucerne genotypes of known reaction to P. medicaginis for their utility as a tool for 
breeding Phytophthora-resistant lucerne. 
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Chapter 6 Alignment of the known Phytophthora resistance loci in lucerne, 
and development of a consensus tetraploid lucerne map incorporating 
known resistance QTL  
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6.1 Introduction 
A composite lucerne genetic linkage map, or consensus map, aligning the known pathogen 
resistances identified in different genetic Medicago backgrounds would provide a genomic 
framework for an increased understanding of the role of host genetic background on the location, 
diversity, and contribution of each QTL to P. medicaginis resistance. Lucerne genetic linkage maps 
have identified QTL for resistance to the pathogens C. trifolii, S. meliloti in the W126 genetic 
background and P. medicaginis in the W116 background and WA272 in the current study. 
Numerous other genetic linkage maps have identified QTL for a range of abiotic traits which are 
reviewed further in Chapter 2. However, these maps have been developed across a number of 
separate genetic backgrounds, presumably by the necessity of identifying the requisite 
resistance/susceptibility reaction types to a range of pathogens, or differing phenotypes for the 
target traits in the parental genotypes. The WA272 x D populations developed in the current study 
share the susceptible parent “D” with the two mapping populations identified above (the W126 x D 
and W116 x D populations). A consensus linkage map would provide a strong starting point to 
catalogue the diversity of P. medicaginis resistance loci present in the M. sativa gene pool, and with 
the information gained, guide applied marker-assisted selection schemes to breed Phytophthora-
resistant lucerne. 
 
The inheritance of Phytophthora resistance detailed in Sections 2.5  and 3.1 suggest that at least 6 
independently segregating loci or genomic regions, containing dominant loci termed Pm1-6, 
contribute to the expression of Phytophthora in lucerne, depending on the genetic background 
investigated. A quantitatively inherited resistance has been identified in the lucerne genotype W116 
(Musial et al. 2005). The inheritance data presented indicated that that up to four independently 
segregating loci (Pm1 and 2, Pm5 and 6) existed in the tetraploid M. sativa genotype M193, and that up 
to 4 loci from Pm1-6 could be detected in crosses between parental genotypes either Pm1 and 2 or Pm3 
and 4 or Pm5 and 6 (Havey and Maxwell 1987; Havey et al. 1987; Irwin et al. 1981a, 1981b). In this 
study, the resistant genotype WA272 traces to the cultivar Aquarius, in which resistance to Pm was 
incorporated from self progeny of M193. The inheritance patterns in both the WA272 x D F1 
mapping and populations suggest that it is unlikely a single locus confers P. medicaginis resistance 
in WA272 (Chapter 3 and 5), and the molecular investigations in Chapters 4 and 5 further indicate 
that across two Phytophthora isolates, up to four major loci contribute to the resistance in WA272. 
However, an alignment of the QTLs associated with the Phytophthora resistances identified to date 
has yet to be undertaken between the WA272 and W116 lucerne genotypes, nor the other pathogen 
resistances mapped in lucerne. 
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The primary objective of this study was to generate an alignment of the W116, WA272 and 
recurrent susceptible parent D linkage maps to enable a comparison of the location of P. 
medicaginis resistance loci across the two resistant lucerne genotypes. A second objective was to 
align the resistance loci identified in WA272 with the QTL recently identified in M. truncatula. 
Further analysis of the resistances present in each background was undertaken by evaluating the 
segregation patterns of progeny from the cross W116 x WA272. Phenotypic characterisation of both 
the W116 BC and WA272 x D mapping populations was undertaken using the mature root assay 
described in section 3.2.3.2 (Musial et al. 2005). The leaf reaction phenotype obtained in the W116 
population was a poor indicator of mature root reaction and was not obtained for the WA272 
populations. The cotyledon reaction phenotype, which correlates with the mature reaction (Section 
3.3.4) (Irwin et al. 2003; Pratt et al. 1975), was not obtained in the W116 population. Thus only the 
mature root phenotype was available as a common phenotypic character across both populations. 
 
An important prerequisite for generating the alignment of the W116 and WA272 linkage maps, and 
Phytophthora resistance loci, is the assignment of chromosome numbers to the linkage groups 
developed in the W116 and D maps. This could be readily achieved by incorporating microsatellite 
markers of known genomic or physical location into the existing W116 and D linkage maps, with 
emphasis on identifying markers, or marker alleles that mapped to more than one of the target 
populations. This was the premise for the marker selection and polymorphism screening undertaken 
in Chapter 4, which included screening of (W116 x D) x D population parental DNA. An additional 
opportunity to align the maps of the recurrent parent D from each of the W116 and WA272 
mapping studies will be dependent on the number of common microsatellite markers successfully 
incorporated into each map, with the D map produced from this population only a partial map 
(Musial et al. 2005).  
 
The hypothesis to be tested is that the use of common molecular markers will allow alignment of 
the M. sativa genetic linkage map developed in this study (WA272 population) with the previously 
developed M. sativa (W116 and D maps from the W116 BC population) and M. truncatula linkage 
maps, and allow the development of a consensus M. sativa linkage map for P. medicaginis 
resistance. The research undertaken aimed to (1) incorporate common SSR markers into the 
previously developed W116 map to facilitate chromosome number assignment using the established 
nomenclature, (2) to align the W116 and WA272 maps using common SSR markers and (3) to use 
this information to generate a combined map identifying the location of P. medicaginis resistance 
loci in the two different genetic backgrounds and determine the inheritance of resistance to P. 
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medicaginis in cross of the genotypes WA272 x W116 and assess the concordance of inheritance 
and molecular data.   
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6.2 Methods 
6.2.1 Identification and incorporation of SSR markers into the existing W116 map 
The previously described candidate SSR markers (Table 4.2), originating from published M. sativa 
genetic linkage maps or M. truncatula genetic linkage and physical maps were screened for ability 
to amplify clear and polymorphic amplicon(s) from the M. sativa parental W116 and D DNA 
(Appendix 1). This was undertaken concurrently with the primer screening described in Chapter 
4.2.2 for WA272 and D parental DNA. Polymorphic markers were used to genotype the (W116 x 
D) x D backcross population (W116 BC population) as described in Section 4.2.3. DNA samples 
for this mapping population were obtained from existing stocks (Musial et al. 2005). 
 
6.2.1.1 Linkage data for existing W116 x D and D maps 
The W116 x D and D maps were previously developed by the Irwin research group, and thus the 
original data files were readily available for further analysis. The segregating SSR marker data 
generated in this chapter was added into the original data files. It was necessary to reformat the 
W116 x D and D data files to allow map construction in TetraploidMap, and thus to rebuild the 
maps with the newer mapping program. The original maps were developed from single-dose AFLP 
and RAPD markers in a program that was not able to process duplex nor codominant marker data. 
Rebuilding the maps was required to incorporate the codominant SSR marker data into the original 
maps, as well as duplex markers from both the SSR and original data sources. The LOD score cut-
off and map building parameters are as described in Section 4.2.4.2. 
 
6.2.2 Evaluation of marker-phenotype associations with additional marker data  
6.2.2.1 QTL interval mapping 
The new W116 map build, incorporating microsatellite markers and the additional marker types as 
described in Section 6.2.3 above was used for the interval mapping. The QTL interval mapping 
function in TetraploidMap was used to perform QTL analyses as described in Section 4.2.4.3 with 
the existing phenotypic dataset for the W116 backcross population.  
 
6.2.3 Generation of the WA272 x W116 population and phenotypic characterisation for P. 
medicaginis reaction 
This experiment assessed the reaction of the cotyledons from individuals of a WA272 x W116 F1 
population to P. medicaginis zoospores. W116 is the autotetraploid lucerne clone used in a previous 
study to map a quantitatively inherited resistance to P. medicaginis (Musial et al. 2005). The 
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population was generated from an intercross of WA272 ♀ x W116 ♂, using hand pollination, at the 
same time the WA272 x D validation population was developed. A population of 82 seedlings was 
generated and grown as described in Section 3.2.1 for phenotypic characterisation. Inoculation of 
the 82 seedlings in this population was as described in Section 5.2.1 and was undertaken 
concurrently with the inoculation of the validation population. Inoculum preparation and plant 
assessment was as described in Section 5.2.1. 
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6.3 Results 
6.3.1 Incorporation of SSR markers into the (W116 x D) x D map, and assignment of 
chromosome numbers to linkage groups 
A total of 40 SSR markers from the library of 460 (Table 4.2, Appendix 1) produced clear, 
polymorphic amplicons which were used to genotype the W116 BC population. The majority of 
these markers, or marker alleles, were inherited from W116, present in the F1 and segregating in the 
backcross population in informative ratios for map incorporation. The revised W116 linkage map 
was developed from existing single dose AFLP and RAPD marker data, and incorporated additional 
duplex AFLP and RAPD marker data obtained but not utilised, in the original study (Musial et al. 
2005), along with simplex, duplex and codominant SSR marker data obtained in this research.  
 
SSR markers originating from each M. sativa chromosome were incorporated into the revised W116 
map (Figure 6.1). A total of 2–5 markers were incorporated into each W116 homology group and 
this enabled assignment of chromosome numbers for each of the eight M. sativa chromosomes 
following the established nomenclature (Figure 6.1). The W116 cosegregation groups generated in 
this study using TetraplioidMap were similar in marker composition and order to the previously 
developed cosegregation groups (Musial et al. 2005); the additional anonymous duplex, and SSR 
markers generated few changes in marker order along cosegregation groups. However, the use of 
coupling phase linkages between the existing single-dose markers and the new duplex and 
codominant markers identified several cosegregation group pairings in the original study which 
required reassignment. In three cases, small cosegregation groups from the original W116 map were 
combined to generate a larger cosegregation group with the use of additional marker data. The 
cosegregation groups which were combined were 7 + 8, 14 + 17 and 16 + 18 (Table 6.1). The 
revised W116 map comprises thirteen out of a possible 16 cosegregation groups for W116. Only 
one cosegregation group was generated for each of chromosomes 1, 4 and 8. The total length of the 
revised W116 map is 1,555.4 cM, which is 580.1 cM shorter than the original map built by Musial 
et al. (2005). 
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Table 6.1 Chromosome assignment to W116 linkage groups from the (W116 x D) x D backcross population. 
M. sativa chromosome 
assignment, this study 
W116 map linkage group 
assignment (Musial et al. 2005)
a
 
1 (14, 17) + ___
b
 
2 10 + 11 
3 1 + 2 
4 13 + ___ 
5 3 + 4 
6 5 + 12 
7 (16, 18) + ___ 
8 (7, 8) + 9 
unassigned 6, 15 
a
 Linkage groups shown in parentheses indicate instances where linkage groups from the original W116 linkage map 
have been combined in the revised W116 map, on the basis of additional marker data.  
b
 An underscore following the ‘+’ symbol indicates the absence of the second W116 homology group. 
 
Twelve SSR markers inherited from the recurrent parent D segregated in the W116 backcross 
population in informative ratios for map incorporation. A number of additional duplex AFLP and 
RAPD markers from the original dataset of Musial et al. (2005) were included with the SSR 
markers and single dose markers for map construction in TetraploidMap. However, no new SSR 
marker nor duplex AFLP or RAPD marker was successfully incorporated into the existing 
cosegregation groups (Musial et al. 2005). No further attempt was made to rebuild the D map. 
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Figure 6.1 Assignment of chromosome numbers to reconstructed W116 linkage groups. Individual co-segregation groups are identified by the letters a and b for each W116 chromosome. Markers 
associated with P. medicaginis reaction in the original study are identified on the individual cosegregation groups in bold type. Markers associated with resistance are indicated by a ‘+’ in brackets, and 
markers associated with resistance in repulsion are indicated by a ‘-’. SSR markers incorporated into cosegregation groups are indicated in red font, and duplex markers from the original dataset which 
were incorporated in this map build are indicated in green font. Above: cosegregation groups 1–4, following page cosegregation groups 5-8.  
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6.3.2 P. medicaginis resistance loci distribution in the revised W116 map, and alignment of 
the W116 and WA272 linkage maps 
The chromosome regions containing markers associated with P. medicaginis reaction in the original 
W116 map reside on M. sativa chromosomes 1, 3 and 7 in the revised W116 map (Figure 6.1). The 
markers associated with P. medicaginis reaction on chromosome 3 (4 markers) correspond to those 
on group 2 in the original W116 map, and those on chromosome 7 (2 markers) with group 18 in the 
original W116 map. Marker CGCAA10 was unlinked in the original study, and located on 
chromosome 1 in the revised map. The marker W11-2 was unlinked in the revised W116 map. 
 
No additional marker-trait associations were detected between the markers included in the W116 
population (P< 0.05); these markers being either the new SSR or the additional duplex AFLP and 
RAPD markers from the original marker dataset of Musial et al. (2005). Interval mapping revealed 
a QTL for the pooled (PmP) phenotype significant at (P<0.1) on W116 linkage group 7 spanning 
markers CCTT3 and CATG4 which explained 10% of the phenotypic variation for Phytophthora 
reaction. Although only one cosegregation group was formed in TetraploidMap, the interval 
mapping analysis is valid when the generated models (see section 4.3.4) fit the distribution of the 
cosegregation groups formed (C. Hackett, pers. comm). 
 
An alignment was generated between the W116 and WA272 linkage groups harbouring markers or 
QTL associated with P. medicaginis reaction (Figure 6.2). The alignment was based upon the 
presence of common markers between linkage groups. The alignment included linkage groups 1, 2, 
3, 5, 6 and 7 from W116  and linkage groups 2, 5, 6 and 7 from WA272; no linkage groups were 
developed for WA272 groups 1 and 3 as outlined in Chapter 5. Linkage groups 4 and 8 harboured 
no markers associated with P. medicaginis in either population and were omitted from the 
alignment. The major QTL identified on WA272 linkage groups 2, 5 and 6 did not align with any 
marker or region associated with P. medicaginis reaction in W116. In both W116 and WA272, a 
region on linkage group 7 harbours markers associated with P. medicaginis resistance (Figure 6.2). 
However, due to the low marker density in both maps, and the limited number of common markers, 
neither the generation of a consensus map nor a more detailed alignment of the resistance loci could 
be undertaken. 
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Figure 6.2 Alignment of Phytophthora resistance loci detected in the W116 and WA272 mapping populations. Composite linkage groups, where generated, are shown for W116 and WA272. SSR 
markers in common across both W116 and WA272 are indicated by a line joining the corresponding linkage group. Above: linkage groups 1–3, preceding page: linkage groups 5–7. QTL bars are shown 
to the right of the corresponding linkage group.  
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6.3.3 Phenotypic characterisation of the WA272 x W116 population 
Phenotypic characterisation of the WA272 x W116 population revealed cotyledon reactions ranging 
from highly resistant (disease score of 1) to highly susceptible (disease score of 5) (Figure 6.3). The 
highest disease score (most susceptible reaction) observed for each WA272 x W116 F1 seedling in 
either the initial or repeat inoculation was the final score assigned to that plant. The population 
segregated for 25:57 resistant: susceptible plants, or 30% plants resistant to P. medicaginis, when 
classifying reaction classes 1, 2 and 3 as resistant, and reaction classes 4 and 5 as susceptible. The 
WA272 x D validation population segregated for 35% plants which were resistant when challenged 
with the same P. medicaginis isolate in the same experiment. In the R x R cross between W116 and 
WA272, the increase in the number of plants resistant is 5% over the R x S cross of WA272 x D.   
 
Figure 6.3 Distribution of cotyledon reaction to P. medicaginis isolate UQ5969 in the WA272 x W116 population.  
 
An alignment of the M. sativa linkage maps developed in this study with the M. truncatula linkage 
map developed by D’Souza (2009) was sought to ascertain the relative location of resistance QTLs 
in the two Medicago species. A direct alignment was not possible due to the relatively small 
number of markers presented in the work of D’Souza, of which even fewer were polymorphic and 
mapped in the WA272 x D population (Figure 6.4). Markers 12c11g from chromosome 2, and 
17e17b, 15c17a, 166b10a and 25f20c from chromosome 6 of M. truncatula were the only markers 
which produced alleles which were incorporated into the maps developed in this study. An indirect 
alignment of the two maps identifying Phytophthora resistance was generated, using the M. 
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truncatula physical map as a reference (Figure 6.4). The alignment indicates that on chromosome 2, 
both studies identified two separate QTL for Phytophthora resistance that share similar relative 
chromosomal location. On chromosome 6, the alignment does not provide a clear indication of the 
relative location of the QTLs. This may be due to a greater number of markers from M. truncatula 
amplifying paralagous loci in M. sativa. The separate QTLs for the cotyledon reaction and root 
severity phenotypes in WA272 may be indicative of the separate loci identified in M. truncatula. 
Alternately, the separate QTL peak for root reaction, and presence of the interacting marker 
CGCAA10 in the same region may indicate the potential for a second M. sativa QTL, which 
corresponds to the second region identified in M. truncatula. 
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Figure 6.4 Alignment of QTLs for resistance to P. medicaginis in M. sativa and M. truncatula. Order from left to right: Linkage 
map developed by D’Souza (2009) in M. truncatula, M. truncatula physical map with a selected subset of markers shown, WA272 
linkage group, D linkage group. QTLs are drawn to the right hand side of the corresponding linkage group.  
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6.4 Discussion 
SSR markers of known chromosomal location were incorporated into the W116 map and this 
enabled chromosome numbers 1–8 to be assigned to all linkage groups of the revised W116 map. 
The markers identified as associated with P. medicaginis reaction in W116 (Musial et al. 2005) 
were located on linkage groups 1, 3 and 7, with no new marker-trait associations detected in the 
additional markers incorporated into the map. Sufficient SSR markers were incorporated into the 
revised W116 map to enable an alignment between this map and the WA272 map using markers in 
common. Alignment of WA272 and W116 maps indicated that the location of major effect QTL 
identified on WA272 linkage groups 2, 5 and 6 do not correspond with any of the partial resistance 
loci identified in W116.  Chromosomal regions on linkage group 7 in both the W116 and WA272 
maps were associated with P. medicaginis resistance. However, at the current marker density, a 
more precise alignment of the resistance loci is not possible. The inheritance of resistance observed 
in the WA272 x W116 cross provides further evidence to indicate that largely separate genetic 
mechanisms confer resistance to Phytophthora in these genotypes. 
 
The inheritance data for the W116 x WA272 cross, and the molecular evidence encompassed in the 
alignment of the W116 and WA272 maps suggest that largely separate genetic mechanisms confer 
resistance to Phytophthora in the two host genotypes, with only the region on linkage group 7 in 
common.  The WA272 x W116 inheritance data identified 30% of plants which were resistant to P. 
medicaginis compared to 35% in the WA272 x D population inoculated with the same isolate. This 
difference of only 5% between the R x R and R x S crosses suggests that different, non-
complementary loci confer resistance to P. medicaginis in W116 and WA272. A higher proportion 
of resistant individuals would have been expected if complementary resistance mechanisms 
operated in WA272 and W116. 
 
Although the marker density of both the WA272 and W116 maps precluded further alignment of 
the resistant loci across the two host genotypes, the resistance loci on linkage group 7 may be 
common to both Phytophthora-resistant lucerne genotypes. The resistance loci in the W116 and 
WA272 mapping populations were detected using two different P. medicaginis isolates, BRIP 
29270 and UQ5953 respectively, with the same mature root inoculation technique. An ideal 
situation would have been one in which the individuals of both the WA272 and W116 mapping 
populations were inoculated with the same isolate of P. medicaginis. However, this could only have 
been achieved if the individual plants of the W116 population were maintained as clonal propagules 
in the 10 years between the experiments of Irwin et al. (2003) and those presented here. The 
alignment of W116 and WA272 linkage group 7 was enabled through two common SSR markers, 
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and the alignment suggests the lower region of the linkage groups contains a locus contributing 
broad spectrum resistance to P. medicaginis resistance irrespective of host genetic background and 
pathogen isolate.  
 
Each individual of the W116 backcross population contained 75% of the D genome and due to this 
population structure, polymorphisms were fewer in D than W116. Despite the extensive SSR 
marker screening undertaken on parental DNA of the W116 x D backcross population, very few 
polymorphic markers inherited from the recurrent parent D were identified. Of the SSR markers 
which were identified, even fewer segregated in the W116 BC population in informative ratios and 
no marker was successfully incorporated into the D map.  Furthermore, no duplex AFLP or RAPD 
marker from the original dataset segregated in informative ratios for map incorporation. The D map 
produced by Musial et al. (2005) encompassed 8 linkage groups which were generated from 53 
markers; in contrast the map of W116 encompassed 18 linkage groups generated from 
approximately three times the number of markers (Musial et al. 2005). Without the incorporation of 
SSR markers, it was not possible to assign chromosome numbers to the D map. This precluded any 
further analysis or alignment of the D map from the W116 population with the D map generated in 
the WA272 population. 
 
M. truncatula and M. sativa share common chromosomal regions on linkage groups 2 and 6 for 
resistance to P. medicaginis. However, the identification of significant interactions between the loci 
involved in M. sativa resistance highlights the additional complexity present in an outbreeding 
tetraploid relative to that observed in the inbreeding diploid M. truncatula. Increasing the marker 
density in the WA272 x D linkage map would potentially allow the identification of molecular 
markers more closely linked to the underlying genetic basis for resistance of the QTLs on linkage 
groups 2, 5, 6 and 7. The use of additional genic markers in this map, such as those used by Choi et 
al. (2004a) to estimate genome synteny between six crop and model legume species, would greatly 
improve the accuracy of the alignment of M. sativa linkage maps to the M. truncatula genome 
sequence. An accompanying increase in the precision with which markers identified resistance 
would enable further dissection of the interplay between loci conferring resistance in the WA272 
genetic background. Further research would then be able to investigate the role of these, and 
potentially other resistance loci in additional genetic backgrounds using linked markers. 
Furthermore, incorporation of additional markers would allow increased utilisation of the genomics 
resources available from the M. truncatula genome sequence to investigate candidate genes 
underlying the QTL. 
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Broad-spectrum and strain-specific pathogen resistance loci have been reported in M. truncatula for 
Aphanomyces resistance (Hamon et al. 2010). QTL were identified for 4 reference strains of 
Aphanomyces belonging to the four main pathotypes currently known for lucerne and pea in a 
mapping population of M. truncatula recombinant inbred lines. The chromosomal region AER1 
(Pilet-Nayel et al. 2009) resides on M. truncatula chromosome 3 and provides partial or complete 
resistance, depending on the A. eutiches strain, with a further 21 additive or epistatic genomic 
regions specific to one or two strains (Hamon et al. 2010). While the region on linkage group 7 in 
lucerne associated with Phytophthora resistance across W116 and WA272 does not offer the same 
degree of resistance to Phytophthora in lucerne as seen for Aphanomyces in M. truncatula, it does 
suggest that common regions do confer resistance across host and pathogen genotypes in M. sativa. 
  
Further research is required to reduce the marker intervals surrounding the major QTL identified in 
WA272 and those in W116. This would enable the identification of molecular markers tightly 
linked to the genetic determinants of Phytophthora resistance in lucerne. A reduced marker interval 
combined with a comprehensive alignment of the QTL regions with the assembled M. truncatula 
genome sequence would enable characterisation of the genespace under the Phytophthora resistance 
QTL to begin in lucerne. Research to narrow the marker interval surrounding QTL for resistance to 
Phytophthora species infecting potato and M. truncatula, and subsequent investigations of the 
genomic regions under the QTL, have revealed clusters of resistance gene analogs (Akino et al. 
2014; Jupe et al. 2012; Zhu et al. 2002). The AER1 locus in M. truncatula has been narrowed to a 
440kb interval on chromosome 3 where resistance gene analogs and genes associated with disease 
resistance phenotypes have been identified (Pilet-Nayel et al. 2009). Resistance-gene analogs of the 
nucleotide binding site leucine rich repeat (NBS-LRR) family of resistance genes in M. truncatula 
are clustered throughout the genome, including on linkage group 3. The NBS-LRR genes are 
organised into discrete clusters, with few containing different sub-families (Zhu et al. 2002). 
Similarly,  resistance gene analogs in potato are organised in clusters throughout the genome with 
phylogenetic subgroups typically residing together as homogenous clusters typical of tandem gene 
duplication (Jupe et al. 2012). Importantly, in several regions of the genome underlying QTL for P. 
infestans resistance, different resistance specificities have been identified at the same locus. 
Examples include the R3a locus on chromosome 3 (Li et al. 2011) and cloned and functionally 
characterised resistance genes from the R2, R2-like locus on chromosome 4 (Lokossou et al. 2009). 
This level of investigation has yet to be undertaken in lucerne, but when it does, it will have the 
potential to yield valuable information for parental genotype selection for cultivar development. 
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Chapter 7 General Discussion 
The research presented here has made a substantial contribution to the current understanding of P. 
medicaginis resistance in lucerne. Phytophthora resistance loci in both the WA272 and W116 
lucerne genotypes were assigned chromosomal locations, and this is the first time this has been 
achieved in autotetraploid lucerne by genetic linkage map development and QTL analysis. The 
resistance loci in WA272 were aligned with those identified in both the lucerne genotype W116 and 
in M. truncatula. The alignments performed have provided information on the diversity of 
resistance loci in Medicago across multiple Phytophthora isolates. From this foundation, further 
research can now be undertaken which will ultimately result in cloning of the genes involved in 
Phytophthora resistance in lucerne and understanding the underlying gene expression driving the 
resistance. Such research would initially involve efforts to both increase the mapping population 
size and increase the marker density to narrow the marker interval around the QTL for resistance in 
M. sativa, as well as alignment of the reduced interval with the annotated M. truncatula genome 
sequence for candidate gene identification. 
 
The research presented in Chapter 3 determined the inheritance of resistance in a segregating 
population of autotetraploid lucerne genotypes across multiple infection courts. This is the first time 
that phenotypic characterisation was undertaken on the same individuals for cotyledon and mature 
root reaction to P. medicaginis in a population of plants which would be subject to QTL analysis. 
The strong correlation between cotyledon and mature root reaction phenotype in theWA272 x D 
mapping population is a useful outcome for lucerne breeding for Phytophthora resistance. This 
finding, in a much larger sample of plants from one genetic background, is consistent with 
correlation identified Irwin et al. (2003) on small number of lucerne clones from a  range of genetic 
backgrounds (Irwin et al. 2003). In the WA272 x D mapping population, selection of plants based 
on a resistant cotyledon reaction would effectively reduce the population of plants with a 
susceptible root reaction by a factor of two.  Although a significant number of plants with a 
susceptible root reaction remain, less than 10% of the plants discarded on the basis of the cotyledon 
reaction would produce a resistant root reaction. Thus, the cotyledon inoculation provides a rapid, 
seedling-based method for eliminating a significant population of susceptible individuals prior to 
employing a more time and space intensive inoculation method to ascertain a mature root reaction 
phenotype.  
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The tetraploid linkage map generation and QTL mapping undertaken in the WA272 x D mapping 
population (Chapter 4) identified 4 major QTL contributing to P. medicaginis resistance, with one 
located on each of linkage groups 2, 5, 6 and 7. These regions were consistently identified across 
the cotyledon and root infection courts and indicate that the same loci are involved in the expression 
of resistance in both root and cotyledon plant organs. The presence of significant epistatic 
interactions between the four major Phytophthora resistance loci for the expression of resistance 
provides another example of the importance of multi-locus epistasis in trait expression in 
autotetraploid lucerne (Bingham 1980; Brummer 1999). On the basis of the major resistance loci 
identified across four separate chromosomal regions, resistance to Phytophthora in WA272 is 
polygenic. However, a larger population size is necessary to critically test both the multigenic 
segregation models which were assessed for fit with the segregation data obtained in Chapter 3, and 
to further dissect the contribution of the significant epistatic interactions to resistance (Irwin et al. 
1981a, 1981b). A larger mapping population could not readily be phenotyped for the mature root 
assay, but this could be achieved if the cotyledon reaction phenotype alone was utilised. The lack of 
a complete correlation between the cotyledon and mature root reaction, in particular the presence of 
individuals with a resistant-cotyledon reaction, but susceptible root reaction would need to be 
addressed (Section 3.3.4) (Irwin et al. 2003). 
 
Validation of the molecular marker-trait associations identified in the mapping population was 
hampered by the loss of aggressiveness of the original P. medicaginis isolate. This resulted in the 
use of a new isolate to evaluate the marker-trait associations in the WA272 x D validation 
population (Chapter 5). A reduced number of marker-trait associations were identified in this 
population, however several informative outcomes were generated from the validation experiments. 
A particularly useful finding for future lucerne breeding efforts was made through the use of two 
different P. medicaginis isolates. Across both isolates, three common genome regions would appear 
to contribute to the expression of resistance in the lucerne clone WA272, with a substantial 
involvement of epistatic interactions. These regions are located on linkage groups 2, 5 and 6. The 
loci on linkage group 7 were not associated with resistance due to either P. medicaginis isolate 
specificity or a lack of statistical power owing to the low marker density on this linkage group in the 
validation population. Further attempts to validate the marker-trait associations identified in this 
research, and develop markers for MAS for Phytophthora resistance would require a reduced 
marker interval around each QTL and thus markers more tightly linked to the genetic determinants 
of the observed phenotype. 
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A consensus map was developed for the P. medicaginis resistance loci mapped in autotetraploid 
lucerne (Chapter 6). The alignment was based on the linkage maps generated for the Phytophthora-
resistant lucerne clones WA272 (this thesis) and W116 (Musial et al. 2005). Both linkage maps 
were incomplete, however the alignment achieved did encompass all major resistance loci identified 
in both populations. The alignment enabled the comparison of Phytophthora resistance across the 
two resistant backgrounds with the additional benefit of the use of a different P. medicaginis isolate 
in each investigation. The consensus map enabled further information about resistance specificities 
across isolates to be obtained in two lucerne genotypes. A common region on linkage group 7 was 
identified which contributed to the expression of resistance irrespective of host or pathogen genetic 
background. The resistance in W116 is quantitatively inherited, and potentially the region on 
linkage group 7 provides plants with a degree of background resistance. The region on linkage 
group 7 would be an important target for further investigation to determine its potential to 
contribute broad spectrum resistance to P. medicaginis in lucerne.  
 
The alignment of the resistance QTL identified in the WA272 x D mapping population with those 
identified in M. truncatula (D'Souza 2009) indicate that linkage groups 2 and 6 harbour resistance 
loci in both Medicago species (Chapter 4). The QTL on linkage groups 2 and 6 explain the largest 
amount of phenotypic variation in both the WA272 mapping and validation populations. Due to the 
low polymorphism rate of markers sourced from the linkage group 2 and 6 regions in M. truncatula 
in the WA272 mapping population a comprehensive alignment of the M. sativa and M. truncatula 
linkage maps was not achieved. The linkage map built in M. truncatula consisted of only 6 and 8 
markers for each of linkage groups 2 and 6 respectively (D'Souza 2009). However, further 
information on the location and diversity of resistance loci in Medicago was obtained from this 
alignment due to the use of different isolates of P. medicaginis to phenotype the WA272 x D and M. 
truncatula mapping populations. Within the limited resolution of the alignment generated, the 
regions identified on WA272 linkage groups 2 and 6 harbour P. medicaginis-resistance loci which 
are conserved within Medicago, and contribute to resistance across at least two different 
Phytophthora isolates. 
 
A detailed alignment of the known Phytophthora resistance across the M. sativa genotypes WA272 
and W116 and M. truncatula was not achievable due to the marker density of each map and the 
marker-polymorphism rates across populations. However, at a chromosome region level, a relative 
importance could be assigned to each of the four major regions identified in WA272 based on the 
following criteria. A higher rank was given to syntenic regions in which QTL were identified for a 
greater number of P. medicaginis isolates across the different mapping populations, followed by the 
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percentage of the phenotypic variation the QTL explained. In decreasing order of importance, these 
regions are tabulated below.  
 
Table 7.1 A summary of the P. medicaginis resistance loci aligned within Medicago 
WA272 genome region Mapping populations in which 
QTL were identified 
P. medicaginis isolates for 
which resistance loci identified 
Linkage group 6 WA272 mapping and validation, 
M. truncatula 
UQ5953, UQ5956, UQ5750 
Linkage group 2 WA272 mapping and validation, 
M. truncatula 
UQ5953, UQ5956, UQ5750 
Linkage group 7 
 
WA272 mapping, W116 BC UQ5953, UQ5614 
Linkage group 5 WA272 mapping and validation UQ5953, UQ5956 
 
 
The molecular marker system and marker resolution technology chosen for this research provided a 
pragmatic, effective approach within the available project budget. The PCR amplification products 
from the SSR markers were resolved on high percentage agarose gels. Although capillary separation 
of fluorescently labelled amplification products was available the cost of this technology was, in the 
absence of pooling multiple marker-amplification products in each capillary, beyond the project 
resources. However, the vast majority of the SSR markers screened (Chapter 4) originated from M. 
truncatula, and this presented a challenge that may have limited opportunities to effectively pool 
markers to reduce capillary separation costs had this route been taken. Numerous markers 
originating from M. truncaula did not produce a single amplification profile. In addition to 
producing clear amplicons at the target sequence length, many produced non-specific PCR products 
well outside the target size and which may have been orthologous loci. Irrespective of the reason for 
non-target amplification, this would have presented a considerable technical challenge to the extent 
to which pooling of markers for capillary separation could be undertaken.  
 
The use of SSR marker derived from ESTs or other gene coding sequences is a strategy which 
would overcome this. Using a next generation sequencing approach for SSR marker discovery, 
potentially within predicted gene sequences would address several issues encountered during the 
research undertaken including the low marker polymorphism rate. By sequencing pools of 
expressed genes (RNA), or DNA enriched for coding sequences from each parent of the mapping 
population, marker design would capture sequence differences. This would lead to a greater marker 
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polymorphism rate. Sequencing undertaken on expressed gene sequences would offer the possibility 
of generating markers from the gene(s) under the QTL, and would result in markers more likely to 
be transferable between both M. sativa genotypes and more widely among crop legumes due to the 
higher sequence conservation in coding sequences over non-coding regions of the genome. 
 
Had a higher marker density been achieved in the autotetraploid WA272 x D linkage map 
developed here, several benefits of the research would have been realised. An increased marker 
density and expansion of the mapping population size would have enabled a greater resolution for 
QTL analysis and detection in the WA272 mapping and validation populations. The alignment of 
the M. sativa WA272 and W116 linkage maps, and the WA272 and M. truncatula linkage maps 
would have benefited from an increased marker density, and allowed a more comprehensive 
analysis of the location and diversity of P. medicaginis-resistance loci identified in Medicago to 
date. An increased map density and more robust map alignments could have potentially generated 
markers more tightly linked to QTL for Phytophthora resistance which were better candidates for 
evaluation as breeding tools for MAS of Phytophthora resistance in lucerne. 
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Chapter 8 Appendices 
 
Appendix 1. Primer screening data for M. sativa parent plants from three mapping 
populations; WA272, W116 and W126. 
The WA272 x D populations are described in Sections 3.2.1 and 5.2.1. The W116 mapping population is a 
backcross population derived from the cross (W116 x D) x D, with the F1 plant identified as WA401 (Musial 
et al. 2005). The W126 population is a backcross population derived from the cross (W126 x D) x D, with 
the F1 plant identified as WA647 (Mackie et al. 2007). 
 
 
Table 8.1 SSR primer pair screening in the WA272 x D, W116 and W126 mapping populations. 
LG Marker Size polymorphism between Source* 
WA272 and 
D 
(W116 and 
WA401) and D 
D and WA647 
(W126 and 
WA647) and D 
1 MTIC247 Y U 
 
U Julier 
1 004F06 Y Y Y Y Robins 
1 MTIC107 Amplified, Not polymorphic Julier 
1 003D10 Amplified, Not polymorphic Medicago 
1 103j7d Amplified, Not polymorphic Medicago 
1 MTIC64 Amplified, Not polymorphic Julier 
1 MDH2 Amplified, Not polymorphic Choi 
1 KCoAT Amplified, Not polymorphic Choi 
1 DSI Amplified, Not polymorphic Choi 
1 4F03 Amplified, Not polymorphic Medicago 
1 ENOD8 No amplification Choi 
1 MTIC84 No amplification Julier 
1 MTIC447 Amplified, Not polymorphic Julier 
1 MTIC314 Amplified, Not polymorphic Julier 
1 MtB160 Y Y 
  
Mun 
1 MTIC233 Y Y Y Y Julier 
1 MTIC258 Y N N N Julier 
1 95g14e Y 
   
Medicago 
1 h2_103J7d Amplified, Not polymorphic Medicago 
1 al369471 Y Y Y N Robins 
1 be204934 Amplified, Not polymorphic Robins 
1 al365892 Amplified, Not polymorphic Robins 
1 al375136 Amplified, Not polymorphic Robins 
1 al383023 Amplified, Not polymorphic Robins 
2 33I23R Y U Y N Choi 
2 MTIC230 Y U N Y Julier 
2 14o23g Amplified, Not polymorphic Medicago 
2 MTIC210 Amplified, Not polymorphic Julier 
2 MTIC452 Amplified, Not polymorphic Julier 
2 PFK Amplified, Not polymorphic Choi 
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2 PGKI Amplified, Not polymorphic Choi 
2 B21E13 Amplified, Not polymorphic Choi 
2 11f14e Amplified, Not polymorphic Medicago 
2 170o9f Amplified, Not polymorphic Medicago 
2 ACL Amplified, Not polymorphic Choi 
2 ACCO Amplified, Not polymorphic Choi 
2 MTIC149 Amplified, Not polymorphic Julier 
2 MTIC451 Amplified, Not polymorphic Julier 
2 MTIC455 Amplified, Not polymorphic Julier 
2 MTIC127 Amplified, Not polymorphic Julier 
2 MTIC27 Amplified, Not polymorphic Julier 
2 MTIC30 Y N N N Julier 
2 MTIC405 Y N N N Julier 
2 MTIC278 Y N N N Julier 
2 MTIC421 Amplified, Not polymorphic Julier 
2 74h3a No amplification Medicago 
2 _001E09 No amplification N N N Medicago 
2 11g7a No amplification Medicago 
2 001D05 No amplification Medicago 
2 77a17a No amplification Medicago 
2 10P14_fr1 No amplification Medicago 
2 128a17a No amplification Medicago 
2 7f10e No amplification Medicago 
2 002B06 N Y N N Medicago 
2 AI974519 Y U N N Choi 
2 MTIC365 Y U Y N Julier 
2 MTIC67 Amplified, Not polymorphic Julier 
2 58p10a Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 58h9a Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 15a20a Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 002B09 Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 BE323614 Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 005H12_3 Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 20b20e Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 29f16a Y N 
 
N Medicago 
2 17n24c Y 
   
Medicago 
2 003G06 Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 8f9d Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 13k15a Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 12a23d Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
2 76a9c Y 
 
Y 
 
Medicago 
2 22d10a Y Y 
 
U Medicago 
2 MTIC19 Y N Y N Julier 
2 MTIC354 Y 
   
Julier 
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2 4g10a Y 
   
Medicago 
2 12c11g Y 
   
Medicago 
2 43n2a Y 
   
Medicago 
2 178m20a No amplification 
   
Medicago 
2 9e24f Amplified, Not polymorphic Medicago 
2 99d10d Y Y Y Y Medicago 
2 32e10d Amplified, Not polymorphic Medicago 
2 34L18f Amplified, Not polymorphic Medicago 
2 005G07 Amplified, Not polymorphic Medicago 
2 h2_4g10a Y 
   
Medicago 
2 h2_43n2a Amplified, Not polymorphic Medicago 
2 h2_170o9f Amplified, Not polymorphic Medicago 
2 h2_11f14e Amplified, Not polymorphic Medicago 
2 MTIC12 N Y Y N Julier 
2 MTIC21 Amplified, Not polymorphic 
 
Y 
 
Julier 
2 h2_87i13c Amplified, Not polymorphic Medicago 
2 h2_27d4d Y 
   
Medicago 
2 h2_77p14a Amplified, Not polymorphic Medicago 
2 h2_154b3d Amplified, Not polymorphic Medicago 
2 h2_8c19d Y N N Y Medicago 
2 7L17b Amplified, Not polymorphic Medicago 
2 AC127170_2 Amplified, Not polymorphic This study 
2 AC127170_5 Amplified, Not polymorphic This study 
2 AC127170_7 Amplified, Not polymorphic This study 
2 AC127170_9 Amplified, Not polymorphic This study 
2 AC127170_14 Y 
   
This study 
2 AC127170_16 Amplified, Not polymorphic This study 
2 AC127170_12 Amplified, Not polymorphic This study 
2 AC130811_1 Y 
   
This study 
2 AC130811_7 No amplification This study 
2 AC130811_22 Y 
   
This study 
2 AC130811_24 Amplified, Not polymorphic This study 
2 AC130811_15 Y 
   
This study 
2 AC130811_18 Amplified, Not polymorphic This study 
2 AC130811_19 Amplified, Not polymorphic This study 
2 AC130811_20 Amplified, Not polymorphic This study 
2 AC135102_1 No amplification This study 
2 AC135102_3 Amplified, Not polymorphic This study 
2 AC135102_4 Y 
   
This study 
2 AC135102_5 Amplified, Not polymorphic This study 
2 AC135102_21 Amplified, Not polymorphic This study 
2 AC135102_6 No amplification This study 
2 AC135102_8 Amplified, Not polymorphic This study 
2 AC135102_10 Y 
   
This study 
2 AC135102_14 Y 
   
This study 
2 AC135102_17 No amplification This study 
2 AC135798_2 Amplified, Not polymorphic This study 
2 AC135798_3 Amplified, Not polymorphic This study 
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2 AC135798_5 Amplified, Not polymorphic This study 
2 AC135798_7 Amplified, Not polymorphic This study 
2 AC135798_8 Amplified, Not polymorphic This study 
2 AC135798_9 Y 
   
This study 
2 AC135798_14 Y 
   
This study 
2 AC135798_16 Amplified, Not polymorphic This study 
2 AC135798_21 Amplified, Not polymorphic This study 
2 AC135798_25 Amplified, Not polymorphic This study 
2 AC135798_22 Y 
   
This study 
2 AC144656_1 No amplification This study 
2 AC144656_19 Y 
   
This study 
2 AC144656_3 No amplification This study 
2 AC144656_6 Amplified, Not polymorphic This study 
2 AC144656_10 Amplified, Not polymorphic This study 
2 AC144656_22 Y 
   
This study 
2 AC146553_20 Y 
   
This study 
2 AC146553_2 No amplification This study 
2 AC146553_3 Y 
   
This study 
2 AC146553_5 Y 
   
This study 
2 AC146553_21 Y 
   
This study 
2 AC146553_23 No amplification This study 
2 AC146553_6 Amplified, Not polymorphic This study 
2 AC146553_10 Amplified, Not polymorphic This study 
2 AC146553_24 No amplification This study 
2 AC146553_25 Amplified, Not polymorphic This study 
2 AC146553_17 Y 
   
This study 
2 AC146553_18 Y 
   
This study 
2 AC146855_1 Y 
   
This study 
2 AC146855_3 No amplification This study 
2 AC146855_7 Amplified, Not polymorphic This study 
2 AC146855_37 No amplification This study 
2 AC146855_42 Y 
   
This study 
2 AC146855_11 Amplified, Not polymorphic This study 
2 AC146855_19 Amplified, Not polymorphic This study 
2 AC146855_21 Amplified, Not polymorphic This study 
2 AC146855_27 Y 
   
This study 
2 AC146855_44 Amplified, Not polymorphic This study 
3 MTIC051 Y Y Y Y Julier 
3 RLPO Amplified, Not polymorphic Choi 
3 TRPT Amplified, Not polymorphic Choi 
3 GSB Amplified, Not polymorphic Choi 
3 EST400 Amplified, Not polymorphic Choi 
3 MTIC403 No amplification Julier 
3 82h11_3 Amplified, Not polymorphic Elwood 
3 82h11_2 Y N Y N Elwood 
3 38i12_1 Amplified, Not polymorphic Elwood 
3 38i12_3 No amplification Elwood 
3 38i12_4 No amplification Elwood 
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3 82h11_1 Amplified, Not polymorphic Elwood 
3 34f1_1 Amplified, Not polymorphic Elwood 
3 34f1_2 Amplified, Not polymorphic Elwood 
3 34f1_3 N Y Y N Elwood 
3 69i7_1 No amplification Elwood 
3 69i7_2 Amplified, Not polymorphic Elwood 
3 38i12_2 Amplified, Not polymorphic Elwood 
3 MTIC338 Y U U Y Julier 
4 NUM1 Y N Y N Choi 
4 UNK16 Y N Y N Choi 
4 HYPTE116 Y Y Y Y Choi 
4 2B07 Amplified, Not polymorphic Medicago 
4 10d6b Amplified, Not polymorphic Medicago 
4 MTIC331 Amplified, Not polymorphic Julier 
4 MTIC396 Amplified, Not polymorphic Julier 
4 MTIC348 Amplified, Not polymorphic Julier 
4 MTIC89 Amplified, Not polymorphic Julier 
4 bf518447 Amplified, Not polymorphic Robins 
4 aw267840 Amplified, Not polymorphic Robins 
4 MPP Amplified, Not polymorphic Choi 
4 UNK3 Amplified, Not polymorphic Choi 
4 MTIC179 Amplified, Not polymorphic Julier 
4 MTIC235 Amplified, Not polymorphic Julier 
4 MtB331 Amplified, Not polymorphic Mun 
4 MtB99 Amplified, Not polymorphic Mun 
4 MTIC430 Amplified, Not polymorphic Julier 
4 MTIC340 Y N Y N Julier 
4 PCT No amplification Choi 
4 2B08 Amplified, Not polymorphic Medicago 
4 21o10b Amplified, Not polymorphic Medicago 
4 aw257138 Y N N Y Robins 
4 MtB252 Y U U Y Mun 
4 MtB130 Y U U Y Mun 
4 aw690665 Y Y N Y Robins 
4 h2_10d6b Amplified, Not polymorphic Medicago 
4 aa660573 Y N N Y Robins 
4 al371804 Amplified, Not polymorphic Robins 
4 al373845 Amplified, Not polymorphic Robins 
4 aw695813 Amplified, Not polymorphic Robins 
4 al384242 Y Y U U Robins 
4 bf650422 Y N U U Robins 
5 001B02 Y N N Y Medicago 
5 aw775062 Y N N N Robins 
5 PTSB Y Y N Y Choi 
5 002B01 Amplified, Not polymorphic Medicago 
5 MTIC59 Amplified, Not polymorphic Julier 
5 MTIC96 Amplified, Not polymorphic Julier 
5 MTIC148 Amplified, Not polymorphic Julier 
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5 aw695900 Amplified, Not polymorphic Robins 
5 ENOD40 Amplified, Not polymorphic Choi 
5 10g3e Amplified, Not polymorphic Medicago 
5 MTIC307 Amplified, Not polymorphic Julier 
5 aw686836 N N Y N Robins 
5 bg447652 Y N N N Robins 
5 bg449206 No amplification Robins 
5 003D06 N U U U Medicago 
5 MTIC48 Y U 
 
N Julier 
5 WPK4 Amplified, Not polymorphic Choi 
5 DK511L Amplified, Not polymorphic Choi 
5 58k21c Y Y 
  
Medicago 
5 58b20a Y Y 
  
Medicago 
5 46E3fr1 Y 
  
Y Medicago 
5 MTIC79 Y N Y N Julier 
6 44D11L Y Y N Y Choi 
6 26E21L Y N Y N Choi 
6 48N18L Y Y N Y Choi 
6 MTIC14 Amplified, Not polymorphic Julier 
6 bg648700 Amplified, Not polymorphic Robins 
6 9p17d Amplified, Not polymorphic Medicago 
6 1E19L Amplified, Not polymorphic Choi 
6 8C10R Amplified, Not polymorphic Choi 
6 15c17a Amplified, Not polymorphic Medicago 
6 MTIC343 Amplified, Not polymorphic Y N N Julier 
6 6f18b No amplification Medicago 
6 005F10 No amplification Medicago 
6 002A02 No amplification Medicago 
6 59i21b No amplification Medicago 
6 2d6a No amplification Medicago 
6 004G07 No amplification Medicago 
6 78B21L No amplification Choi 
6 36N1L No amplification Choi 
6 11B2R No amplification Choi 
6 7G13R No amplification Choi 
6 11N15L No amplification Choi 
6 15L4R No amplification Choi 
6 50O1R No amplification Choi 
6 79P21R No amplification Choi 
6 MTIC272 Amplified, Not polymorphic Julier 
6 MTIC250 Amplified, Not polymorphic Julier 
6 7b19c Y N Y Y Medicago 
6 bf649108 Y N Y Y Robins 
6 aw694344 Amplified, Not polymorphic Robins 
6 bg584955 Amplified, Not polymorphic Robins 
6 22h5a Y N N Y Medicago 
6 20m4a Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
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6 82n16a Y U Y Y Medicago 
6 17e17b Y Y Y U Medicago 
6 138f22f Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
6 25f20c Y Y U Y Medicago 
6 004G02 Y Y U N Medicago 
6 EST392410 Y Not informative 
Not 
informative 
Not 
informative 
Medicago 
6 18A5R Y U U U Choi 
6 19O4L Y U U U Choi 
6 BE325283 Y Not informative 
Not 
informative 
Not 
informative 
Choi 
6 78k4a Y U U Y Medicago 
6 MTIC134 Y 
   
Julier 
6 MTIC93 Y N Y N Julier 
6 168i20a Amplified, Not polymorphic Medicago 
6 108p9d Amplified, Not polymorphic Medicago 
6 001C06 Amplified, Not polymorphic Robins 
6 001A10 Amplified, Not polymorphic Medicago 
6 29i23c Amplified, Not polymorphic Medicago 
6 175h23a Amplified, Not polymorphic Medicago 
6 004F08 Amplified, Not polymorphic Medicago 
6 003A02 Amplified, Not polymorphic Medicago 
6 h2_9p17d Amplified, Not polymorphic Medicago 
6 5f4b Amplified, Not polymorphic Medicago 
6 005B08 Amplified, Not polymorphic Medicago 
6 003E01b Y Y U U Medicago 
6 001B01 Amplified, Not polymorphic Medicago 
6 AW573833 Amplified, Not polymorphic Robins 
6 003D03 Y N Y N Robins 
6 005D01 Amplified, Not polymorphic Medicago 
6 BE325495 Amplified, Not polymorphic Medicago 
6 24f21d N N Y, N Medicago 
6 154m16c Y Y N Yea Medicago 
6 004C03 N Y Y Y Medicago 
6 32i15a Amplified, Not polymorphic Medicago 
6 MTIC145 N N Y N Julier 
6 001A05 Amplified, Not polymorphic Robins 
6 138b11a Amplified, Not polymorphic Medicago 
6 001D03 Amplified, Not polymorphic Medicago 
6 16c23b Y N N N Medicago 
6 001B10 Y Y U U Medicago 
6 004F08 N Y N U Medicago 
6 001C12 Amplified, Not polymorphic Medicago 
6 003A02 Amplified, Not polymorphic Medicago 
6 004G07 Amplified, Not polymorphic Medicago 
6 h2_151p24e Amplified, Not polymorphic Medicago 
6 h2_2p16d Y N Y Y Medicago 
6 003C02 Y Y N N Medicago 
6 h2_31k19b Y Y N N Medicago 
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6 002E12 Y N N Y Medicago 
6 002F12 Amplified, Not polymorphic Medicago 
6 h2_28n21c Amplified, Not polymorphic Medicago 
6 h2_29o18b Y N N Y Medicago 
6 h2_8c18b Y U U U Medicago 
6 h2_102a8b Y U U U Medicago 
6 h2_19o18a Amplified, Not polymorphic Medicago 
6 h2_25n14a Y N N N Medicago 
6 h2_6b10a Y U N U Medicago 
6 h2_166b10a Y U U U Medicago 
6 MTIC153 Y Y N N Julier 
6 AC134521_18 Y N Y N This study 
6 AC134521_2 Y N N U This study 
6 AC138464_15 Y N N N This study 
6 AC149804_11 Y Y Y Y This study 
6 AC134521_19 Y N N N This study 
6 AC155100_11 Y Y N Y This study 
6 AC155100_21 Amplified, Not polymorphic This study 
6 AC155100_6 Y N N N This study 
6 AC155100_10 Y N N N This study 
6 AC138464_9 Y N N N This study 
6 AC138464_12 Y N N N This study 
6 AC155100_17 Y N Y N This study 
6 AC138464_25 Y N N Y This study 
6 AC146569_6 Y N N N This study 
6 AC138464_6 Y N N N This study 
6 AC149804_8 Y 
   
This study 
6 AC146569_10 Amplified, Not polymorphic This study 
6 AC138464_2 Amplified, Not polymorphic This study 
6 AC149806_11 Amplified, Not polymorphic This study 
6 AC138464_23 Amplified, Not polymorphic This study 
6 AC134521_21 Amplified, Not polymorphic This study 
6 AC149569_12 Amplified, Not polymorphic This study 
6 AC155100_24 Amplified, Not polymorphic This study 
6 AC138464_17 Amplified, Not polymorphic This study 
6 AC134521_15 Amplified, Not polymorphic This study 
6 AC138464_24 Amplified, Not polymorphic This study 
6 AC146569_1 Amplified, Not polymorphic This study 
6 AC146569_15 Amplified, Not polymorphic This study 
6 AC149804_14 Amplified, Not polymorphic This study 
6 AC149804_15 Amplified, Not polymorphic This study 
6 AC149806_10 Amplified, Not polymorphic This study 
6 AC155100_27 Amplified, Not polymorphic This study 
6 AC146569_26 No amplification This study 
6 AC138464_13 No amplification This study 
6 AC138464_11 No amplification This study 
6 AC134521_20 No amplification This study 
6 AC149806_14 No amplification This study 
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6 AC138464_8 No amplification This study 
6 AC149806_4 Amplified, Not polymorphic This study 
6 AC149804_6 Amplified, Not polymorphic This study 
6 AC146569_4 Amplified, Not polymorphic This study 
6 AC149806_7 N N N Y This study 
6 AC149806_12 Amplified, Not polymorphic This study 
6 AC149804_3 Amplified, Not polymorphic This study 
6 AC134521_8 Amplified, Not polymorphic This study 
7 005H06 Y U N N Medicago 
7 34c9b Y Y Y Y Medicago 
7 DK224R Y N Y N Choi 
7 h2_166j21a Y N N N Medicago 
7 MTIC289 Y N Y N Julier 
7 PPGM Y N Y N Choi 
7 MTIC432 Amplified, Not polymorphic Julier 
7 MTIC446 Amplified, Not polymorphic Julier 
7 MTIC35 Amplified, Not polymorphic Julier 
7 001B04 Amplified, Not polymorphic Medicago 
7 h2_15p5a Amplified, Not polymorphic Medicago 
7 _003E07 Amplified, Not polymorphic Medicago 
7 bg454767 Amplified, Not polymorphic Medicago 
7 VPB1 Amplified, Not polymorphic Choi 
7 UNK21 Amplified, Not polymorphic Choi 
7 aw691517 Amplified, Not polymorphic Robins 
7 005A07 Amplified, Not polymorphic Medicago 
7 h2_13n1d Amplified, Not polymorphic Medicago 
7 001D08 Amplified, Not polymorphic Medicago 
7 MTIC232 Amplified, Not polymorphic Julier 
7 MTIC470 Amplified, Not polymorphic Julier 
7 MTIC273 No amplification Julier 
7 e1_44l19a No amplification Medicago 
7 h2_48m18b No amplification Medicago 
7 aw695584 Amplified, Not polymorphic Robins 
7 bf644494 N Y N N Robins 
7 DK302L Amplified, Not polymorphic Choi 
7 004C10 Amplified, Not polymorphic Medicago 
7 DK225L Y N N N Choi 
7 e1_27e16b Y Y Y N Medicago 
7 h2_128d9e Y Y N N Medicago 
7 005C07 Y N N N Medicago 
7 MtB213 Y N Y Y Julier 
7 AW736136 Amplified, Not polymorphic Choi 
7 bf634201 Y Y N N Robins 
7 001H02 Y Y Y N Medicago 
7 MTIC471 Y Y N N Julier 
7 20k24g Y N N N Medicago 
7 H2_36O3_fr1 Amplified, Not polymorphic Medicago 
7 001A08 Amplified, Not polymorphic Medicago 
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7 h2_1p4a Amplified, Not polymorphic Medicago 
7 h2_14J5a Amplified, Not polymorphic Medicago 
7 MTIC318 Amplified, Not polymorphic Julier 
7 MTIC82 Amplified, Not polymorphic Julier 
7 MTIC183 
 
Julier 
7 UDPGD Amplified, Not polymorphic Choi 
7 h2_20k24g Y U U U Medicago 
7 h2_34c9b Y U U U Medicago 
7 003E07 Amplified, Not polymorphic Medicago 
7 al372288 Y N N Y Robins 
7 al373004 Amplified, Not polymorphic Robins 
7 bg645450 Amplified, Not polymorphic Robins 
8 MTU10 Y N N N Choi 
8 11e15a Amplified, Not polymorphic Medicago 
8 115m15b N Y N Y Medicago 
8 98j6b Amplified, Not polymorphic Medicago 
8 90m14b N N N Y Medicago 
8 36b12e N N N Y Medicago 
8 1E08 Amplified, Not polymorphic Medicago 
8 MTIC103 Amplified, Not polymorphic Julier 
8 aw686387 Amplified, Not polymorphic Robins 
8 EST671 Amplified, Not polymorphic Choi 
8 GH1 Amplified, Not polymorphic Choi 
8 EIF5A Amplified, Not polymorphic Choi 
8 be202675 Amplified, Not polymorphic Robins 
8 aw686890 Amplified, Not polymorphic Robins 
8 69i3a Amplified, Not polymorphic Medicago 
8 aw691504 Y N Y Y Robins 
8 71m12b Y U U U Medicago 
8 23m13e Y U U U Medicago 
8 69i3a Amplified, Not polymorphic Medicago 
8 h2_98j6b Amplified, Not polymorphic Medicago 
8 h2_71m12b Y U U U Medicago 
8 h2_11e15a Amplified, Not polymorphic Medicago 
8 aw559239 Y U U U Robins 
8 aw685868 Y U U U Robins 
 
Y = amplicon produced by primer pair 
N = no amplicon amplicon produced by primer pair 
U = Amplification not determined in the specified mapping population 
 
* Source Reference 
Choi  Choi et al. (2004) 
Elwood S. Elwood, Australian Centre for Necrotrophic Fungal Pathogens, Pers. Comm. SSR 
markers designed from M. truncatula genome sequence 
Julier  Julier et al. (2003)   
Medicago http://www.medicagohapmap.org 
Mun  Mun et al. (2006) 
Robins   Robins et al. (2007a) 
This study Section 4.2.3  
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Appendix 2. Marker development from candidate gene sequences 
 
A candidate gene approach, using published Phytophthora resistance gene sequences to identify 
homologs in M. truncatula, was investigated for developing PCR markers for the development of 
molecular markers for use in lucerne. This approach aimed to identify candidate RGA (resistance 
gene analog) sequences in related model legume species and apply this information to M. truncatula 
and M. sativa. The resulting polymorphic amplicons were to be used in developing the genetic 
linkage map and detecting marker-trait associations within the WA272 x D mapping population. 
This work was initiated due to the absence of clear, polymorphic amplicons from the PCR based 
RGAP primers developed from common bean RGAs. However, the results obtained did not provide 
a significant contribution to the core objectives of the Thesis, and thus are presented as an appendix.  
 
The rationale behind this research was that the model legume M. truncatula, for which the full 
genome sequence is available, offers numerous resources for functional characterisation of gene 
sequences relating to pathogen resistance with application in lucerne breeding. This is largely 
because of the high degree of sequence identity and remarkably conserved genome structure and 
function between the two Medicago species (Choi et al. 2004a). A number of important lucerne 
insect pests and pathogens, for which Medicago truncatula is also a host, have QTLs and/or 
resistance genes identified in M. truncatula. These include C. trifolii (RCT1), Aphanomyces 
eutiches (AER1), bluegreen aphid (AIN) and QTLs for resistances including spotted alfalfa aphid, 
Erysiphe pisi and P. medicaginis (D'Souza 2009; Klingler et al. 2009; Pilet-Nayel et al. 2009; Yang 
et al. 2008). RCT1 from M. truncatula confers broad-spectrum resistance to C. trifolii when 
transformed into a susceptible lucerne background (Yang et al. 2008). While no genes, or candidate 
genes, have been identified for Phytophthora resistance in M. truncatula to date, there has been a 
series of resistance genes identified in the related crop legume soybean (Glycine max) which confer 
resistance to Phytophthora sojae (Rps genes) (Kuan and Erwin 1980; Sugimoto et al. 2012). 
 
A number of reports describe the development of resistance gene analogue primers (RGAP) which 
co-localise with disease resistance genes and QTL. There is considerable evidence of clustering of 
resistance gene homologues within the genomes of numerous crop species including M. truncatula 
(Andersen and Lubberstedt 2003; Jupe et al. 2012). RGAPs have been mapped to QTLs for partial 
and specific resistances to C. lindemuthianum in common bean (Mutlu et al. 2006). In barley, 
RGAP markers have been successfully used to develop flanking markers to the stripe-rust-
resistance gene rps1.a (Yan and Chen 2007). The RGAP primers developed in these studies are 
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degenerate and are based on sequence data either from the crop species under study, or from related 
species. The primers are usually designed to amplify from conserved regions which typically 
include the P-loop, kinase and hydrophobic domains of known nucleotide binding site-leucine rich 
repeat (NBS-LRR) type R genes or from EST sequences (Mutlu et al. 2006; Yan and Chen 2007).  
 
It is possible that homologous loci confer Phytophthora resistance in related legume species, for 
example the Rps1k gene which provides broad spectrum resistance to P. sojae in soybean 
(Sugimoto et al. 2012). A homologue of this, or any of the other cloned RPS genes may similarly 
provide resistance to P. medicaginis in lucerne. However, the relative chromosomal location of any 
of the Rps genes in M. truncatula, or M. sativa, has not been established due to the absence of any 
large blocks of genome synteny identified (Choi et al. 2004a). Given the degree of relatedness 
between both host and pathogen for the two legume-phytophthora pathosystems, there is potential 
for the sequence information from the Phytophthora resistance genes cloned in soybean, which are 
of the NBS-LRR type, to be applied to developing molecular markers in lucerne which are derived 
from functionally characterised genes. 
 
The hypothesis to be tested in this section was that the use of sequence data from functionally 
characterised NBS-LRR gene sequences in legume species closely related to M. sativa would 
enable molecular marker development for map generation and marker-trait association detection 
and QTL analyses in the WA272 x D mapping population (Chapter 5). The developed markers, if 
associated with plant phenotype, may lead to a more rapid development of markers for MAS.  
 
8.1 Methods 
8.1.1 Bioinformatics and development of RGA markers using sequence data from M. sativa 
The bioinformatics undertaken in this approach sought to delimit the QTL region on linkage group 
6 to a physical interval on the M. truncatula genome, and using gene homology, obtain candidate 
gene sequence data from M. sativa clones WA272 and D and develop molecular markers for further 
evaluation. This region was chosen on the basis of the magnitude of the QTL for resistance 
identified for Phytophthora resistance; the largest effect QTL were identified from this region in 
WA272.  
 
The cotyledon reaction QTL region on WA272 linkage group 6b covers 11cM and contains the 
single dose markers 78k4a_2, 29o18b_2 and 17e17b_5 which were linked in coupling with LOD 
scores >30 (Figure 5.2).  Searching the M. truncatula physical map database 
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(http://www.medicagohapmap.org/) enabled the location of the markers onto BAC contigs 
AC149305 (78k4a), CR940311 (17e17b) and AC138129 (29o18b) Figure 8.1. The marker positions 
in M. truncatula are 3.5, 10.3 and 41.3cM respectively, which constitute a much larger interval of 
37.8 cM over that identified in the WA272 x D M. sativa mapping population.  
 
 
 
 
 
 
Figure 8.1 Candidate full length NBS-LRR  genes in the M. truncatula genomic region corresponding to the QTL on linkage 
groups 6 of WA272. The location of polymorphic markers 7k4a, 17e17b and 29o18b is indicated. Grey bars indicate the location of 
predicted full length NBS-LRR type resistant gene candidates within the interval spanning 17e17b and 29o18b. Arrow indicates the 
location of AC046540.1.  
 
Within this interval on M. truncatula linkage group 6, candidate NBS-LRR resistance genes were 
identified in the annotated genome sequence (http://www.medicagohapmap.org/). These are 
described in Table 8.2 and illustrated in Figure 8.1. In order to prioritise candidates for primer 
design and sequencing in WA272 and D, and in the absence of any Phytophthora resistance gene 
sequences identified in M. truncatula, the soybean Rps1k gene sequence was used to identify the 
most similar candidates from the interval. Alignments were made between RPS1k and the candidate 
sequences at both the mRNA and predicted protein level (Table 8.2). The predicted gene 
AC046540.1 (arrow) was selected for primer design.  
 
 
Table 8.2 Candidate resistance genes identified in the annotated M. truncatula genome region corresponding to the QTL 
interval on WA272 linkage group 6. 
M. truncatula gene 
id 
BAC predicted 
mRNA 
length (bp) 
Putative function
a 
Nucleotide blast 
identity score 
Rps1k1 (%) 
Protein blast 
identity with 
Rps1k1 
Medtr6g017560.1 AC229709 1386 
LRR cysteine- 
containing subtype 
29 - 
Medtr6g018120.1 AC174348 3372 LRR 49 8 
Medtr6g038920.1 AC146863 1002 TIR 23 - 
Medtr6g046350.1 AC155290 2580 Leucine-rich repeat 45 33 
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Medtr6g046540.1 
AC160957 
 
3357 
Disease resistance 
protein RGA2, related 
52 33 
Medtr6g046680.1 AC152497 2970 Leucine-rich repeat 49 32 
Medtr6g046690.1 AC152497 3435 NB-ARC 50 24 
a
 LRR = leucine rich repeat, TIR = toll interluken receptor, NB-ARC: see van der Biezen and Jones (1998)  
 
Due to the length of the gene, a series of overlapping PCR primers were designed to amplify the 
RPS1k homologue AC046540.1 in M. sativa using the Primer3 software as described in Section 
4.2.3. Primers were designed to amplify the predicted gene in a series of 4 overlapping segments, 
each approximately 600-900 bp in length (Figure 8.3). The primers were termed, in order from 5` to 
3` Rga1_1, Rga1_2, Rga1_5 and Rga1_4.  
 
 
 
Figure 8.2 Gene structure and RGAP primer map of AC046540.1. Top: Diagram of M. truncatula linkage group 6, Below: gene 
structure of AC046540.1. Solid boxes represent coding regions, line indicates introns. Arrows above gene representation indicate 
forward primer sites, arrows below are reverse primer sites. 
 
PCR reactions were performed using the reaction mix described in Section 4.2.3 and the touchdown 
PCR thermocycling program described in Table 8.3. PCR products were excised from agarose gels 
and purified using a Mobio Gel clean Ultraspin gel extraction kit (Mobio, Carlsbad, CA) and cloned 
into a pGEM®-T Easy Vector using the Promega pGEM T Easy vector system II (Promega, 
Madison, WI). Plasmids were purified from overnight Lauria broth cultures generated from colony 
pricks using a Genomed JetQuick Mini kit (Genomed GMBH, D-32584, Löhne). Purified plasmids 
were prepared as required and sequenced by AGRF Brisbane using the M13 universal forward and 
reverse primers. DNA sequence alignments were performed using ClustalW software. Primers were 
designed using Primer3 software. 
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Table 8.3 Thermocycling program for candidate gene amplification. 
Step Temperature (
0
C) Time 
(minutes:seconds) 
1 94 3:00 
2 94 0:30 
3 65 0:30 
4 72 1:30 
5 Go to step 2, x3  
6 94 0:30 
7 62 0:30 
8 72 1:30 
9 Go to step 6, x3  
10 94 0:30 
11 59 0:30 
12 72 1:30 
13 Go to step 10, x3  
14 94 0:30 
15 56 0:30 
16 72 1:30 
17 Go to step 14, x3  
18 94 0:30 
19 primer specific annealing temp 0:30 
20 72 0:30 
21 Go to step 18, x26  
22 72 3:00 
23 4 hold 
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8.2 Results and discussion 
Primer pairs Rpm 1, 2, 5 and 4 produced amplification products from WA272 and D DNA at the 
expected sizes, based on the target sequence length within AC046540.1 (Table 8.4). Cloning and 
subsequent sequencing of 4-5 cloned sequences from each of WA272 and D for each primer pair 
revealed considerable sequence diversity within cloned PCR amplification products. Multiple 
sequence alignments were generated for all sequenced amplification products for each primer pair. 
Within each primer pair, sequences from each cloned PCR fragment were most similar from the 
same parent (either WA272 or D), and usually amounted to single nucleotide differences. 
Sequences were more divergent between WA272 and D, and the polymorphism observed between 
sequences enabled the design of additional primer sets. These primers were designed to amplify 
parent specific amplicons from each of the 4 sections of AC046540.1, using insertion/deletion or 
sequence variations (Figure 8.3). 
 
 
 
Table 8.4 Rpm primer sequence and expected product size 
Primer 
 
Expected product 
size (bp) 
Sequence (5`-3`) 
Rpm1_1F 
 
875 
ATTGCTGAAGAAAGGATCAA 
Rpm1_1R 
 
AAAGTAAAACATGGCCTCAA 
Rpm1_2F 
 
646 
TTGAGGCCATGTTTTACTTT 
Rpm1_2R 
 
CCCCAATTTTAAAAGGAGTT 
Rpm1_5F 
 
801 
TGAGGCCATGTTTTACTTTT 
Rpm1_5R 
 
CCCCAATTTTAAAAGGAGTT 
Rpm1_4F 
 
675 
GAAATGTCCCCAAACTTACA 
Rpm1_4R 
 
GTTGGCTTTGTTGTTTCTTC 
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Figure 8.3 Multiple sequence alignment of DNA sequences generated from Rpm1 primer amplification products from 
WA272 and D.  
 
 
A total of 20 new primers were designed from insertion/deletion or nucleotide variations between 
WA272 and D sequences (Table 8.5). All new primer pairs tested (Table 8.5) produced amplicons 
at the expected size (data not shown), and were used to genotype the WA272 x D F1 mapping 
population. However, relatively few primer pairs produced amplicons (markers) which segregated 
in informative ratios in the mapping population.  
 
Importantly, no Rpm marker mapped to WA272 linkage group 6. A total of 7 Rpm markers mapped 
to three clusters on D linkage group 6. A further 10 markers mapped to other regions of the WA272 
and D genome, suggesting that the sequence diversity observed in the alignments of the cloned PCR 
fragments were due to the amplification and cloning of non-allelic RGA sequences.  
 
Only one marker-trait association was detected which involved resistance to P. medicaginis for 
marker Rga1_5aF and which mapped to WA272 linkage group 5. Several additional Rga markers 
were associated with increased susceptibility in the mapping population. However, given the 
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absence of markers mapping to WA272 linkage group 6, and the high level of sequence 
polymorphism observed in the alignments of each Rpm amplicon, this work was discontinued and 
the focus maintained on obtaining further SSR markers of known chromosome location to build the 
WA272 and D linkage maps. 
 
Table 8.5 PCR amplicons from Rpm primers. 
Primers 
a
 Sequence (5`-3`) D allele  WA272 allele  
Forward Reverse 
   
1_1F 1_1aR ACCAAAGGATGAGCATCATA D only 
 1_1F 1_2bR CGTGATAAAGGATGAGCATT D only 
 1_1F 1_1cR TGCCAAACGATGAGTAGGA 
 
WA272 only 
1_1aF 1_1dR 
TCAAGTTTGGATTACAAGCA, 
AACAATGGAATAGACAGAGAG  
 
WA272 only 
1_1bF 1_1dR TCAAGTTTGGATTACAACCA  
 
WA272 only 
1_1cF 1_1dR TCAAGTTTGGATTACAAGAA  
 
WA272 only 
1_1F 1_1eR TTTCGTTCCATTTCCACATT 
 
WA272 only 
1_1F 1_1fR TCCACCTTTTGTTCCATGTT Yes Yes 
1_1F 1_1gR TCCACCTTTTGTTCCATTTGG  D only 
 1_1F 1_1hR TGCCAAACGATGAGTAGGG  
 
WA272 only 
     1_2aF 1_2R TGCTTTGATGCTGACTACAA D only 
 1_2bF 1_2R TTGCTTCCCTTCAAAAGTAG 
 
WA272 only 
1_2cF 1_2R TTGCTTAGAATCCTTAGATA 
 
WA272 only 
1_2dF 1_2R TTGAATCCTTGCGAACTA 
 
272 only 
     1_5aF 1_5R AAGGTCTAGTCCTCATTGGA 
 
WA272 only 
1_5bF 1_5R GGTCTAGTTTGTATTATTCTCTTT D only 
 1_5cF 1_5R AGAATTGACTTTGCGTGACC D only 
 
1_5dF 1_5aR 
GGAAAAGTTGGTTTTGTAC,  
TAACTCTTCATTTCCTCCTT 
D only 
 
     1_4aF 1_4R CGAACTTTGACTGTTTCTTCA 
 
WA272 only 
1_4bF 1_4R CGAACTTTGTTTGTTGACA D only 
 1_4cF 1_4R GCCATGACTTCTCTTCAAAT 
 
WA272 only 
1_4dF 1_4R GCCATGACTTCTCTTCAGAC 
 
WA272 only 
 
a 
New primers are indicated in bold type 
 
 
 
